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Abstract 
The competition and cooperation between various noncovalent interactions in hydrated 
ions and hydrated ion-biomolecule systems are systematically characterized and examined using 
infrared spectroscopy and various theoretical approaches.  
The Multiple Channel InfraRed PhotoDissociation spectroscopy (MC-IRPD) method is 
further developed and applied to argon-tagged hydrated alkali cation systems, M
+
(H2O)nAr (M = 
Li, Na, K, Rb, Cs; n = 3-5) with simultaneous monitoring of the [Ar] and [Ar+H2O] 
fragmentation channels. The comparison between spectral features in the two channels and 
corresponding energy analyses provide definitive spectral assignments of the stable structural 
conformers and substantial insights of hydration mechanism of the cations. Results revealed that 
smaller cations (Li
+
 and Na
+
), with higher charge density, prefer to form structural configurations 
with extended linear networks of hydrogen bonds. Larger cations (Rb
+
 and Cs
+
), with lower 
charge density, prefer to generate configurations with cyclic hydrogen-bonded water subunits. It 
appears that K
+
 is somewhat unique with very simple (and predominantly) single structural 
conformers. This has led to the suggestion that K
+
 can "move" easily in or through biological 
systems, concealing its identity as an ion, under the "appearance" or disguise as a water molecule.  
Indole is used as tractable model to study the hydration structures of biomolecules as well 
as the interplay of non-covalent interactions within ion-biomolecule-water complexes. With 
three potential binding sites: above the six- or five-member ring, and the N-H group, the 
competition between π and hydrogen bond interactions involves multiple locations. Electrostatic 
interactions from monovalent cations are in direct competition with hydrogen bonding 
interactions, as structural configurations involving both direct cation-indole interactions and 
cation-water-indole bridging interactions (π-hydrogen bond) were observed. The different charge 
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densities of Na
+
/K
+
 give rise to different structural conformers at the same level of hydration. 
Infrared spectra with parallel Density Function Theory (DFT) calculations and Gibbs free energy 
calculations revealed rich structural insights of Na
+
/K
+
(Indole)(H2O)3-6 cluster ion complexes. 
Isotopic (H/D) analyses were applied to decouple the spectral features originating from the OH 
and NH stretches. Results showed no evidence of direct interaction between water and NH group 
of indole (via a σ-hydrogen bond) at current levels of hydration with the incorporation of cations, 
however π-hydrogen bonding interactions were ubiquitous at hydration levels between two and 
five. 
Density Functional Theory based ab initio Molecular Dynamics simulations (DFT-MD) 
are applied to analyze the anharmonic coupling of O-H stretching modes and large amplitude 
intermolecular rocking modes in the water-nitrite complex system (H2O)-(NO2)
-
. MD simulated 
spectra reproduced earlier IR-IR double resonance spectra of water-nitrite remarkably well. 
Thorough analyses of dynamic trajectories revealed two distinct dynamic patterns, large 
amplitude symmetric rocking motion and asymmetric rocking motion, which yield completely 
different spectral features. Systematic application of autocorrelation functions, using Fourier 
transforms, of chosen dynamic parameters provided unambiguous assignments of both overall 
infrared spectra and motion-specific infrared spectra. DFT-MD simulations are proved to be a 
promising and powerful alternative tool in studying systems with anharmonic couplings, 
considering its reasonable computational cost, easy accessibility and sufficient accuracy.  
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Chapter 1: Introduction 
1.1  Background 
The competition between various noncovalent interactions, such as van der Waals, 
electrostatic and hydrogen bonding interactions, plays a key role in determining the hydration 
structures and thermodynamic properties of biologically relevant molecules, such as proteins,
1–4
 
DNA
5–7
 and RNA
8,9 
in biological media.
10–18
 The properties of biologically relevant molecules 
are closely related to their often unique biological functionalities. Systematic characterization of 
the hydration structures and thermodynamic properties of biomolecules in a biologically relevant 
medium has long been a challenge. As water molecules and ions are ubiquitous in physiological 
systems, many-body interactions between water molecules, ions and different functional groups 
of biomolecules have to be accounted for properly.
19–26
 Water can interact either with different 
functional groups within biomolecules, or with ions (K
+
, Na
+
, Cl
-
 and etc.) and other water 
molecules in intra- or extracellular fluids. The ordering of such interactions is largely affected by 
the charge density of the ion, ion concentrations, as well as temperature.
27
  
Alkali metal cations play vital roles in chemical and physiological systems. Lithium is 
widely used in psychiatric treatment of manic states and bipolar disorder;
7,28
 Sodium and 
potassium are essential elements, having major biological roles as electrolytes, balancing 
osmotic pressure in cells and assisting electroneurographic signal transmission;
29
 Rubidium has 
seen increasing usage as a supplement for manic depression and the treatment of depression;
30–32
 
Cesium-doped compounds are used as essential catalysts in chemical production and organic 
synthesis.
33,34
 Since hydrated alkali metal cations are ubiquitous in chemical and biochemical 
systems, their structural and thermodynamic properties are essential in characterizing complex 
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chemical and physiological processes, such as ion transport and ion size-selectivity by 
ionophores and protein ion channels.
19–26
  
In order to quantitatively understand how noncovalent interactions affect the hydration of 
biomolecules, simple biomolecules with fewer functional groups are often chosen as tractable 
models for studying the hydration of more complex biomolecules with additional functional 
groups.
27,35–38 Indole is one of the most important tractable models, as the indole moiety is found 
in many important, biologically relevant molecules, such as the neurotransmitter, serotonin,
39,40
 
its precursor tryptophan, the pineal hormone, melatonin,
41,42
 anticancer indole-3-carbonal
43–46
 
and a group of antitumor agents, the arylthioindoles.
47
 The alkali-cationized indole water cluster 
is a perfect system for the quantitative and systematic study of the hydration structures of ion-
biomolecules complexes resulting from the competition and cooperation of noncovalent 
interactions. Cation-water and cation-indole electrostatic interactions can be adjusted by 
introducing monovalent cations with different charge densities; hydrogen bonding interactions 
between water molecules and between water and indole can be modulated by varying the level of 
hydration of ion-biomolecules complexes. 
Many other issues make the characterization of the biological functionalities of 
biomolecules even more challenging. In order to obtain detailed structural information and 
precise thermodynamic properties, gas phase spectroscopy is often applied.
48
 The traditional 
method, heating samples up to a temperature over its melting point, has been pushed to its limit, 
as the melting points of many biomolecules are very high (> 200 degree Celsius), close to their 
decomposition temperatures. Extreme caution has to be taken when handling the heated samples, 
which limited the choices of suitable biomolecules. Furthermore, due to the ion cluster 
generation method (evaporative cooling), high energy (Gibbs free energy) structural conformers 
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could coexist along side the global minimum conformers, making the infrared spectroscopy more 
complicated.
49,50
 The interactions between different inter- and intramolecular motifs could also 
give rise to overlapping spectral features.
38,51–53
  
Parallel theoretical calculations are usually applied in order to obtain detailed information 
of structures, molecular motions, relative energies and theoretical infrared spectra of the system 
of interest. Molecular geometric surveys are also required to map as many low energy 
conformations as possible. Ab initio static quantum calculations are the most widely used method 
for simulating the structure of gas phase cluster ions.
38,49,51,52,54–59
 However, due to the lack of 
computational power, compromises have to be made between accuracy and computational 
cost.
49,58,59
 Furthermore, the intrinsic double harmonic approximations (potential energy and 
dipole moment surfaces) of this method limit its accuracy when being used to analyze systems 
with substantial anharmonicity and/or at finite temperature (~ 300 K).
60
  
The major focus of this thesis is to quantitatively investigate the hydration structures, 
thermodynamic properties and orderings of non-covalent interactions of hydrated cations and 
hydrated ion-biomolecule complexes, laying the foundation for exploring the functionalities of 
biomolecules in real physiological media. Novel InfraRed PhotoDissociation (IRPD) techniques 
and comprehensive structural analyzing methods were developed and applied to specific systems 
to tackle these challenges. Ab initio quantum calculations as well as Density Functional Theory 
based Born-Oppenheimer Molecular Dynamics (DFT-MD) simulations were applied to help 
understand and interpret the IRPD experimental results. 
1.2  Investigation Method 
The experimental technique used in this thesis for studying cluster ions is InfraRed 
PhotoDissociation (IRPD) spectroscopy of O-H (and other hydride) stretching modes, as these 
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vibrations are highly sensitive to both ion-molecule interactions and hydrogen bonding. 
Hydrogen bond formation, via proton donation, results in a shift to lower frequency and an 
increase in IR intensity for donating O-H groups while accepting O-H groups are relatively 
unaffected.
54,61–63
 The magnitude of the frequency shift is related to the strength of the hydrogen 
bond
49,58,64–66
 and can range from a few cm
-1
 for weak bonds to hundreds of cm
-1
 for the 
strongest interactions. O-H and other hydride modes are also directly affected by alkali metal 
ions. For example, O-H stretch modes in neutral water molecules shift to lower frequency upon 
complexation to alkali metal ions as a result of the strong ion-molecule electrostatic interaction.
67
 
Again, the magnitude of this shift is dependent on the strength of the non-covalent interaction.
67
 
Thus, IRPD spectroscopy is useful for structural characterization (different configurations will 
have different O-H stretch vibrational frequencies) as well as probing the relative strengths of the 
different non-covalent interactions in cluster ions. 
The evaporative cooling processes associated with the formation of cluster ions can result 
in clusters with considerable amounts of internal energy,
68–75
 which translates to effective 
temperatures of ~ 250 K or higher for hydrogen bonded solvents.
66,68,75–77
 At these temperatures, 
the spectral resolution of the infrared spectra is sometimes insufficient, due to thermal 
broadening, to reveal fine spectral features originating from various O-H stretching modes. Lee 
and co-workers,
78–81
 followed by Johnson and coworkers
82–87
 have developed a method to lower 
the effective temperatures of cluster ions. They incorporated argon into the nascent cluster ion 
ensemble, which reduced the internal energy of cluster ion by a factor of five to ten, resulting in 
cluster ions with effective temperatures of ~50K. This argon-tagged IRPD spectroscopy was first 
introduce into the Lisy lab by Vaden and coworkers in the early 2000s.
75
 Since then, various 
systems have been investigated using similar techniques.
66,88
 Rice–Ramsperger–Kassel–Marcus 
5 
  
(RRKM) and Evaporative Ensemble (EE) based theoretical investigations were performed by 
Cabarcos, Weinheimer and co-workers.
74
 The RRKM-EE derived theoretical cluster ion effective 
temperatures agree remarkably well with effective temperatures obtained from the relative 
intensities of K rotational spectral features in IRPD spectra of ion clusters produced by the 
evaporatively-cooled ion source,
58,66,75,88
 as well as collisionally-cooled ion source.
88
   
Further experimental investigations of the hydrated alkali metal cations led by Miller and 
co-workers revealed that the effective temperature had substantial effects on the preferred cluster 
ion conformations.
49,58,59
 Higher energy conformations could coexist with global minimum 
energy conformation for argon tagged cluster ions. Similar temperature dependences of cluster 
ion conformation were also observed in systems of hydrated ion biomolecule complexes, of 
Nicely and co-workers.
51–53
 Rodriguez and co-workers first introduced a novel Multiple Channel 
IRPD (MC-IRPD) method and their preliminary results revealed substantial evidence for the 
existence of high energy conformers in Li
+
(H2O)4 system.
50
 These results encourage researchers 
to carry out similar investigations to study the hydration structures and dynamics of 
physiologically relevant ions (K
+
, Na
+
, Cl
-
 and etc.), which are of vital importance in modeling 
biochemical and physiological processes. Multiple photon dissociation effects in hydrated alkalis 
metal ions were demonstrated and systematically investigated by Beck and co-workers.
89
 Results 
indicate that photon induced dissociation involving only single photon absorption is the 
predominant dissociation mechanism in current eperimental set-up.
89
 This enables researchers to 
quantitatively extract binding energies of dissociating ligands by monitoring parallel dissociation 
channels in IRPD experiments.
90
  
IRPD spectroscopy was also applied to study hydrated ion biomolecule complexes. 
Miller and co-workers made the first attempt to investigate hydration process and temperature 
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effects of hydrated ion-indole
38 
and ion-(N-methylacetamide) complexes.
57
 Nicely and co-worker 
carried out similar investigations of hydrated ion-Tryptamine
51,52
 and ion-(2-amino-1-phenyl 
ethanol) systems.
53
 Rodriguez and co-workers extended investigations to ion-crown ether 
complexes, attempting to establish qualitative models of ionophore systems.
91–95
 Several 
hydrated ion-neurotransmitter systems (Ephedrine, Pseudoephedrine and Serotonin ) were also 
attempted by Nicely and co-workers, but were less successful than earlier studies. One reason is 
that the melting points of these relatively large molecules are on the order of 200 C, which 
pushed the heated ion source to its limit. Another reason is that the infrared spectra in the 
spectral region of interest (3300 cm
-1
 ~ 3800 cm
-1
) are very complicated, containing overlapping 
spectral features originated from both O-H and N-H stretching modes.
38
 Without systematic 
decoupling of O-H and N-H stretching motions, one cannot make definitive spectral assignments 
and structural analyses. Isotopic (H/D) analyses have been widely used to unravel closely 
overlapping spectral features.
96–101
 Therefore, we attempted to incorporate isotopic (H/D) 
analyses into the traditional IRPD spectroscopy to resolve the overlapping issue and to make 
definitive structural analyses on hydrated ion-biomolecule complexes.  
Parallel ab initio calculations were applied with appropriate choice of functional and 
basis set to provide theoretical support, such as information about structural conformations, 
energetics and theoretical vibrational frequencies. Rice-Ramsperger-Kassel-Marcus Evaporative 
Ensemble (RRKM-EE)
74
 formulism was applied to estimate the effective temperatures of cluster 
ion systems. Density Functional Theory based Molecular Dynamic simulations (DFT-MD)
60
 
were applied in addition to ab initio calculations to systems that possess highly anharmonic 
motion. A detailed literature review and description of the theoretical tools used in this thesis 
will be given in section 2.2.  
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1.3  Overview of Thesis Chapters 
A detailed overall description of the experimental apparatus in Lisy lab and quantum 
chemical calculations and molecular dynamics simulations will be provided in chapter 2. The 
particular experimental set-up and calculation methods used for each system will be described in 
greater detail in the chapter discussing that system.  
The hydration of alkali cations yields a variety of structural conformers with varying 
numbers of water molecules in the first solvation shell. How these ions move from the aqueous 
phase into biological systems, such as at the entrance of an ion channel, depends on the interplay 
between competing intermolecular forces, which first must involve ion-water and water-water 
interactions. 
In chapter 3, InfraRed PhotoDissociation (IRPD) spectra of M
+
(H2O)nAr (M = Rb, Cs; n 
= 3-5) with simultaneous monitoring of [Ar] and [Ar+H2O] fragmentation channels are reported. 
The comparison between the spectral features in the two channels and corresponding energy 
analysis provide spectral assignments of the stable structural conformers, thermodynamic data of 
photodissociation process and insight into the competition between ion---water electrostatic and 
water---water hydrogen bonding interactions. 
In chapter 4, new infrared action spectra, using argon as a messenger or "spy", for Li
+
, 
Na
+
, and K
+
, with up to five water molecules are reported, and new structural conformers 
identified from ab initio calculations, combined with previous results on Rb
+
 and Cs
+
, have 
characterized structural transitions at each hydration level.  
In chapter 5, Indole is used as tractable model for the quantitative and systematic study of 
the hydration structures of ion-biomolecules complexes as a result of competition and 
cooperation of noncovalent interactions. Cation-water and cation-indole electrostatic interactions 
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can be adjusted by introducing monovalent cations with various charge densities; hydrogen 
bonding interactions between water molecules and between water and indole can be modulated 
by varying the level of hydration of ion-biomolecules complexes. A comprehensive analysis 
method was developed, that combines IRPD spectra with ab initio calculations, Gibbs free 
energy calculations and isotopic (H/D) analysis, to systematically study the structures of cation-
indole-water complexes and to improve the models of hydration and other thermodynamic 
processes involving biologically relevant molecules. 
In chapter 6, Density Functional Theory based Molecular Dynamic simulations (DFT-
MD) are applied to water-nitrite complex system. The isomer specific IR-IR double resonance 
spectroscopy done by Johnson and co-workers
102
 clearly revealed the anharmonic coupling of O-
H stretching motions with large amplitude intermolecular rocking motions. However, traditional 
ab initio calculations cannot reproduce these highly amharmonic interactions with reasonable 
accuracy and efficiency simultaneously. The main purpose of this chapter is to demonstrate that, 
by choosing appropriate functional and basis sets, DFT-MD simulations can reproduce the large 
amplitude intermolecular rocking motions observed in the water nitrite complex system, with 
good accuracy and reasonable computational cost.  
Overall concluding remarks are given in chapter 7. 
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Chapter 2: Technical Details 
2.1  Experimental Details 
All of the InfraRed PhotoDissociation experiments were conducted using a custom 
designed triple quadrupole mass selective infrared spectrometer (Figure 2.1). The experimental 
apparatus consists of two sections, a cluster generation and detection section, which have three 
differentially vacuumed chambers; and a tunable infrared light source. The details of the 
apparatus have been discussed previously by former group members.
1–3
 While the particular 
experimental set-up used for each system will be described in more detail in the chapter 
discussing that system, an overview of the apparatus will be presented here.  
 
Figure 2.1 Schematic of the custom-designed triple quadrupole mass selective infrared spectrometer.  
Neutral clusters are generated in a supersonic expansion of the ligand(s) of interest 
seeded in an argon carrier gas. Argon and gas phase water are introduced through a gas bubbler, 
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while gas phase biologically relevant molecules are generated through a heated sample chamber 
maintained at ~10 degree Celsius above the melting temperature of the molecule. This gas 
mixture is introduced in to the source chamber through a 180 micrometer, 45 degree conical 
nozzle. Approximately 30 mm, or 160 nozzle diameters, downstream from the cluster source, the 
fully expanded neutral beam is perpendicularly intersected by an alkali ion beam. Ions are 
produced via thermionic emission from a resistively-heated tungsten filament coated with an 
alkali halide salt-impregnated paste. This collision and subsequent ion solvation forms an 
ensemble of unstable ion clusters with high internal energies. Through progressive 
rearrangement and loss of solvating ligands, as described by the evaporative ensemble, the 
nascent ion clusters lose both mass and internal energy until they reach a quasi-stable state, a 
state whose lifetime is long compared to the time required to completely travel through the 
detection chamber.  
A set of electrostatic lenses images the nascent cluster ions on to a 1.5 millimeter 
diameter skimmer mounted on the interchamber wall. The ion beams are guided by a series of 
electrostatic lenses and an octupole ion guide while the clusters continue to evaporatively 
stabilize. As the ion clusters are reaching a quasi-stable state, they are mass selected by the first 
of three quadrupole mass filters. The mass-selected cluster ions then enter the second quadrupole 
(ion guiding only), where they interact with the axial output from a LaserVision optical 
parametric oscillator/optical parametric amplifier (OPO/OPA) pumped by the 1064 nm output 
from a 10 Hz Surelite II Nd:YAG laser (Continuum). While traveling though this interaction 
region, the mass-selected cluster ions can undergo photo-induced, spontaneous, and/or 
collisional dissociation, with photo-induced dissociation being the dominant cause of 
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fragmentation, when the OPO laser is in resonance with an IR-active vibrational mode of the 
cluster ion.  
The surviving parent cluster ions and the resulting cluster fragments are detected by the 
third, mass-analyzing quadrupole, which is tuned to a specific fragment mass to determine the 
extent of dissociation. Fragment ions are detected using a combination of a negatively charged (-
3000 V) conversion dynode and positively charged (+1500 V ~ +3000 V) channeltron electron 
multiplier. To correct for any collisional or unimolecular dissociation events that may have 
occurred, the ion fragment signal is collected for similar times with the laser off. These signals 
are then subtracted from the laser-on signal to yield the corrected fragment ion intensity resulting 
from absorption of a single infrared photon.  
The ion flight times (150-300 μsec) through the apparatus are used to set the timing gates 
required to select the signal from the fragmentation events within the interaction region. A single 
data acquisition computer handles both the data acquisition and mass and laser control. The 
photodissociation cross sections for the vibrational predissociation observed in the specified 
fragment channel are obtained from the relationship between the laser fluence and the fractional 
fragmentation, as is given in equation 2.1: 
ln 1
( )
f
p
I
I
F
 
 
   
                                                                 (2.1) 
where 
fI  is the corrected fragment intensity, pI  is the parent ion intensity, F  is the laser 
fluence, and ( )   is the calculated photodissociation cross section. Frequency calibration is 
verified by concurrently acquiring the photoacoustic spectra of ambient water vapor (for OH 
stretching region, 3300 cm
-1
 ~ 3800 cm
-1
), or the absorption spectra of HCl held in a sealed 
cylinder with sapphire windows (for OD stretching region, 2350 cm
-1
 to 2850 cm
-1
). All 
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experimental spectra reported in this thesis have been smoothed using a three-point, adjacent 
averaging algorithm. 
2.2  Computational Details 
In order to fully understand the gas phase infrared spectra, one usually needs to perform 
parallel theoretical calculations, obtaining detailed information of structures, molecular motions, 
relative energies and theoretical infrared spectra. Substantive geometry surveys are also required 
to map as many low energy conformations as possible. Traditionally, static ab initio (methods 
that solve the Schrödinger equation associated with the molecular Hamiltonian, which does not 
include any empirical or semi-empirical parameters) quantum chemical calculations using 
Gaussian software packages have been widely used to quantitatively characterize geometries, 
energies, and harmonic vibrational frequencies of molecular species to reasonably high degree of 
accuracy.
1,4–12
 However, compromises have to be made between level of accuracy and available 
computational power.
1,9,10
 When performing quantum chemical calculations, the level of 
molecular orbital theory and the basis set (the set of  functions used to create the molecular 
orbitals), have to be specified simultaneously. The most widely used molecular orbital theories 
include: Hartree-Fork method,
13
 semi-empirical quantum chemistry methods,
14
 Moller-Plesset 
perturbation theory,
15
 configuration interaction method
16
 and coupled cluster method,
17,18
 as 
ranked from lowest to highest complexity. Two of the most widely used basis sets are the Split-
valence basis sets, first introduced by John Pople,
19
 and Correlation-consistent basis sets, first 
introduced by Dunning and coworkers.
20
  
There is no certain rule determining how to choose the combination of level of molecular 
orbital theory and basis sets, as the level of accuracy of the calculations are very sensitive to the 
charge, size and extent of anharmonic interactions involved in the system. Therefore, different 
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combinations of theory and basis sets have to be performed simultaneously, with results 
thoroughly examined, in order to find the combination that yields best results compared with 
experiments, and that fit in the computational power limit. Empirically, second order Moller-
Plascet perturbation theory
21–24
 and Becke’s nonlinear three-parameter exchange and correction 
functional with the Lee-Yang-Parr correction method
25,26
 have been chosen for positively-
charged ion cluster calculations.
1,2,7–12,27–31
  
All of the ab initio static calculations were performed using Gaussian 09 package,
32
 with 
initial geometries and input parameters prepared using GaussView, Version 5 software.
33
  Ab 
initio calculations at the second order Moller-Plascet perturbation theory (MP2) level are used to 
identify stable structural configurations, conformational energies and vibrational frequencies for 
the M
+
(H2O)nAr (M = Li, Na, K, Rb and Cs; n = 3~5) systems. Oxygen, hydrogen and argon 
atoms as well as lithium and sodium cations were treated with the augmented correlation-
consistent all-electron basis set, aug-cc-pVDZ. The Los Alamos double-ζ basis set with effective 
core potentials LANL2DZ
34–36
 was used to treat potassium, rubidium and cesium cations. Ab 
initio calculations with less expensive hybrid density functional theory (DFT) based Becke’s 
nonlinear three-parameter exchange and correction functional with the Lee-Yang-Parr correction 
functional (B3LYP) were used to identify stable structural configurations, conformational 
energies and vibrational frequencies for M
+
(Indole)(H2O)n (M = Na, K; n =3~6) systems, with all 
atoms treated with 6-31+G
* 
basis sets. Basis-set superposition errors (BSSE) were not corrected, 
as there is still no sound conclusion how BSSE corrections affect either harmonic frequencies or 
energies.
37,38
 
Theoretical spectra were generated using Swizard program
39,40
 by applying an average 
Gaussian linewidth of 15 cm
-1
 and harmonic vibrational frequencies were scaled uniformly by a 
20 
  
factor to be compared with IRPD spectra. The derivation of the scaling factors will be discussed 
in detail for each specific system in following chapters.  
The effective temperatures of our ion clusters are modeled using the Rice-Ramsperger-
Kassel-Marcus evaporative ensemble (RRKM-EE) formulism, which is described in detail 
elsewhere.
1,41–43
 The RRKM-EE output effective temperatures are corrected by a factor based on 
the binding energies of argon of different ion clusters.
30
 The average vibrational energies of the 
cluster ions are estimated from the ab initio harmonic vibrational frequencies and the RRKM-EE 
effective temperature, assuming that the energy is equipartitioned using a microcanonical 
ensemble.
30,31
 Gibbs free energies are calculated using the molecular partition function from ab 
initio vibrational frequencies via thermo.pl PERL script.
44 
 
There are two major drawbacks to static ab initio quantum calculations. The first major 
drawback is the intrinsically applied double harmonic approximations (harmonic electronic 
potential and harmonic dipole moment surfaces).
45
 Therefore, vibrational anharmonicities, such 
as coupling of different vibrational modes, cannot be fully taken into account. Also, the 
vibrational frequencies observed in infrared spectra of highly anharmonic vibrational modes 
cannot be well reproduced using static ab initio calculations. Elaborate theoretical methods for 
treating anharmonicities have been developed by Gerber and co-workers, computing anharmonic 
vibrational spectra directly from ab initio surfaces (vibrational SCF, VSCF).
46–49
 McCoy and co-
workers used a reduced dimensional formalism to directly consider the highly anharmonic in- 
and out-of-plane hydrogen bonded stretches.
50
 Bowman and collaborators developed Vibrational 
Configuration Interaction (VCI) method which was applied to ionic H-bonded systems.
51
 The 
computational demands for these methods, are somewhat large, especially for systems composed 
of more than 10 atoms.
45
 The second major drawback is the inherent 0 K temperature associated 
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with the search for the minima on the potential energy surface.
45
 The explicit introduction of 
temperature and the related conformational dynamics for vibrational signatures is not as critical 
at low temperatures.  However, in order to reproduce experimental spectra at finite temperatures, 
i.e. higher than ~100 K, temperature effects and conformational dynamics have to be taken into 
full account.
1,9,11,12,52–54
 
Molecular Dynamics (MD) simulations at finite temperature can resolve these issues.
45
 
Within the past few years, Gaigeot and co-workers have shown that ab initio molecular 
dynamics is a useful method for the calculation of IR spectra of hydrated lithium cations,
55,56
 
hydrated amides,
57
 and other hydrated biomolecules complexes
54,58
 in the gas phase at finite 
temperatures. The calculation of infrared spectra through MD relies on dipole moment time 
correlation functions recorded along the trajectory of atomic motions, which sample the 
temperature-accessible portions of the potential energy surface. The Fourier transform of this 
correlation function directly yields infrared frequencies and intensities, free from the double 
harmonic approximation, as is shown in equation 2.2,
45
  
𝐼(𝜔) =
2𝜋𝛽𝜔2
3𝑐𝑉
∫ 𝑑𝑡 < 𝑀(𝑡) ∙ 𝑀(0) > exp(𝑖𝜔𝑡)
∞
−∞
                                 (2.2) 
where 𝛽 = 1/𝑘𝑇, c is the speed of light in vacuum and V is the volume. The highly anharmonic 
water-nitrite system will be investigated using Molecular Dynamics simulations at finite 
temperatures as an example to illustrate the potential of MD simulations in reproducing 
anharmonic intermolecular motions, particularly the vibrational mode coupling between the OH 
stretch and the rocking motion of the water molecule. We performed DFT-based Born-
Oppenheimer Molecular Dynamics simulations (BOMD) with the CP2K package,
59
 where the 
nuclei are treated classically and the electrons quantum mechanically within the DFT formalism. 
The BLYP functional,
25,60
 including Grimme D3 correction for dispersion,
61
 combined with 
22 
  
Goedecker-Teter-Hutter (GTH) pseudopotentials
62,63
 is applied. More detailed descriptions about 
the DFT-MD simulation techniques and its application in the systems of interest are given in 
Chapter 6. 
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Chapter 3: Insights into Gas-Phase Structural Conformers of 
Hydrated Rubidium and Cesium Cations, M
+
(H2O)nAr (M = Rb, Cs; 
n = 3-5), Using Infrared Photodissociation Spectroscopy
1
 
3.1  Introduction 
Hydrated cations are perfect models to study not only the microscopic hydration 
mechanisms of cations, but the delicate interplay between noncovalent interactions (hydrogen 
bonding interactions between water molecules, and electrostatic interactions between cation and 
water) as well. As the main goal of this Thesis is to establish the methodology of systematically 
probing and quantitatively analyzing ion-water-biomolecules complexes in real physiological 
environments, fundamental knowledge of hydrated cations systems is essential. As verified by 
earlier studies, high energy conformations were observed in hydrated cesium systems. Therefore, 
we proposed to investigate the hydration mechanism of cesium using a recently developed 
Multiple Channel InfraRed PhotoDissociation (MC-IRPD) spectroscopy method. The hydrated 
rubidium system was also studied in comparison with hydrated cesium, in order to examine the 
charge density effects of the monovalent cations. 
Non-covalent interactions determine the structure of a variety of systems,
1
 most 
important among these are large biomolecules such as proteins,
2–5
 DNA
6–8
 and RNA.
9–11
 These 
structures arise from a delicate balance of these interactions and can be readily perturbed by 
temperature, solvent and ionic strength.
12–20
  In many cases, there is a variety of low-lying stable 
conformers of these molecules separated by barriers just above physiological temperatures.
21–23
 
In gas-phase hydrated metal ion clusters, the stability of a particular conformer is determined 
                                                          
1
 This Chapter is reproduced in part and reprinted with permission from Ke, H.; van der Linde, C.; Lisy, J. M. 
Insights into Gas-Phase Structural Conformers of Hydrated Rubidium and Cesium Cations, M
+
(H2O)nAr (M = Rb, 
Cs; n = 3–5), Using Infrared Photodissociation Spectroscopy. J. Phys. Chem. A. 2014, 118, 1363–1373. 
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intrinsically by similar competitions between various non-covalent ion---water electrostatic and 
water---water hydrogen bonding interactions.
24–26
 The balance between these interactions 
depends not only on the sign and magnitude of the charge, but also upon the internal energy or 
“temperature” of the cluster ion, which, in these systems, is determined by the evaporation 
pathway.
27,28
 At the temperature associated with cluster ions formed via evaporation of argon, i.e. 
~100 K, the global minimum-energy conformer is generally expected. However, if the cluster 
has a higher energy configuration and insufficient energy to overcome potential energy barriers 
to form lower energy configurations, which typically involve breaking pre-existing hydrogen 
bonds, the cluster may be kinetically trapped and unable to rearrange into a lower or global 
minimum-energy conformer. Therefore, these high potential energy conformers could coexist 
with the global minimum-energy conformer in the cluster ensemble.  
Previous infrared photodissociation (IRPD) spectra monitoring selected photo-
fragmentation channels demonstrated the existence of the kinetically trapped high potential 
energy conformers.
24–26
 A more detailed and quantitative study has been applied to hydrated 
lithium ions where there are large energetic differences (~10-30 kJ/mol) between the global 
minimum-energy conformer and the experimentally observed conformers.
29
 The IRPD spectra, 
associated with different photodissociation loss channels, established the existence of kinetically 
trapped conformers of Li
+
(H2O)3,4Ar with surprising differences in structure. In this study, the 
same approach is applied to hydrated rubidium and cesium ions, systems in which the energetic 
difference between the global minimum-energy conformer and the higher energy conformers is 
significantly less than in lithium. These energy differences between conformers can be on the 
same order as the uncertainty in the ab initio binding energies. Therefore, some caution must be 
29 
  
taken on the comparison between theory and experiment to establish the energy ordering of the 
various conformers.  
The total energy content of the cluster ion consists primarily of three parts, the potential 
or conformational energy that depends upon the location of the cluster ion on the ground 
electronic state potential energy surface; the vibrational energy, determined by the frequency of 
the vibrational modes and cluster effective temperature; and the energy from the absorbed 
infrared laser photon. The accessible fragmentation channels are determined by the available 
energy to surmount potential energy barriers and to rearrange into smaller stable clusters.  
3.2  Computational and Experimental Details 
Ab initio calculations at MP2/aug-cc-pVDZ level are used to identify stable conformers, 
conformational energies and vibrational frequencies. The calculation results for rubidium and 
cesium systems are reproduced from earlier work by our group.
24,26
  
The effective temperatures of the ion clusters are modeled using the Rice-Ramsperger-
Kassel-Marcus evaporative ensemble (RRKM-EE) formulism,
25,27,28,30
 which assumes that the 
effective temperature, determined by equipartition of the available energy among the internal 
degrees of freedom, is directly related to the binding energy of the most labile species in the 
cluster. Through the comparison between the RRKM-EE simulated M
+
(H2O)Ar cluster 
temperatures and the experimental temperature of the same clusters deduced from the relative 
populations of the K rotational states,
26,28,30
 we found that the RRKM-EE model tends to 
underestimate the cluster temperature by around 30%. It was suggested that the major reason for 
this discrepancy is the inaccuracy in estimating the binding energy of argon, the most labile 
ligand in the system.
28
 The upper limit to the effective temperatures can be estimated using the 
binding energies of the M
+
Ar species,
28,31
 and the lower limit by using the binding energy of the 
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binary complex, (H2O)Ar.
32
 Therefore, the effective temperatures are corrected from the RRKM-
EE output temperatures by a factor based on binding energies of argon in different ion clusters. 
The estimated effective temperatures of M
+
(H2O)nAr (M= Rb, Cs) are 100 K, 75 K and 50 K, for 
n = 3, 4, and 5, respectively. The vibrational energy of cluster ion is estimated from the ab initio 
harmonic vibrational frequencies and the effective temperature from the RRKM-EE analysis, 
assuming that the energy is equipartitioned using a microcanonical ensemble. 
The M
+
(H2O)nAr cluster ions are generated and characterized in a custom-built triple-
quadrupole mass spectrometer that has been described in detail elsewhere.
24,25
 Alkali-metal ions 
are generated via thermionic emission from an ion gun in the source chamber, with a resistively 
heated tungsten filament coated with molecular sieve paste containing an alkali chloride. The 
ions are accelerated by the ion gun to collide perpendicularly with a neutral cluster beam formed 
by a continuous expansion of a water/argon mixture through a 30
 
degree conical nozzle with a 
bore of 180 μm. The intersection point occurs approximately 3 cm from the tip of the nozzle, a 
point where collisional cooling of the neutral beam has ceased. The impact process and 
subsequent solvation releases a considerable amount of energy, which is dissipated via 
evaporative cooling. The nascent cluster ions are guided from the source chamber through a 
skimmer with a diameter of 1.5 mm into the differential chamber. The ion clusters stabilize 
through additional evaporative loss and these quasi-stable ion clusters are guided by a 
combination of electrostatic lenses and an octopole ion guide into the detection chamber. This 
chamber contains a triple quadrupole mass spectrometer where the cluster ions, mass selected by 
the first quadrupole, interact with infrared laser in the second ion-guiding quadrupole. The 
photofragmented ions are mass selected by the third quadrupole, and detected with a channeltron 
electron multiplier, thus generating the IRPD spectra.   
31 
  
3.3  Results and Discussion 
The stable structural conformers of rubidium and cesium systems and corresponding 
energies are reproduced from Miller et al.
24
 and Nicely et al.
26
 and are shown in Figure 3.1 and 
Figure 3.2, respectively. The water binding energies were compared with results from ab initio 
calculations,
33–38
 DFT calculations,
39
 Monte Carlo simulations,
40
 and experimental results,
31,41,42
 
some of which are given in Table 3.1. The argon binding energies of 5 kJ/mol for Rb
+
(H2O)nAr 
(n = 3-5) cluster ions and 4 kJ/mol for Cs
+
(H2O)nAr (n = 3-5) cluster ions, are based on our 
calculations.
24,26
  
The average vibrational energy of an ion cluster is obtained by first calculating the 
vibrational partition function of each individual vibrational mode, using the frequency obtained 
from Gaussian calculations for that given mode, and then summing over the average vibrational 
energies for all 3N-6 vibrational modes. The average vibrational energies are listed in Figure 3.1 
and Figure 3.2. 
The experimental water binding energies listed in the rightmost column in Table 3.1 are 
deduced from a combined spectral and thermodynamic analysis, which is discussed in detail in 
the subsequent sections. To access the [Ar + H2O] dissociation channel, the total energy of a 
given cluster ion conformer, following absorption of a photon, must exceed the collective 
binding energy of both argon and water. This can be used to provide an upper estimate to the 
water binding energy. If the conformer has insufficient energy to access this channel, IRPD 
signal will only be observed in the [Ar] loss channel, which in turn gives a lower limit to the 
water binding energy. 
The detection of dissociation requires the cluster ion to fragment while in the middle 
quadrupole region of the apparatus. The inverse of the time of flight (TOF) through that region 
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gives a lower limit to the unimolecular dissociation rate. The TOF of the M
+
(H2O)nAr clusters in 
this study is ~200 microsecond, so the dissociation rate has a lower limit of 5000 s
-1
. Using 
RRKM methods described in our earlier report,
27
 the results show that the [Ar+H2O] dissociation 
rates of the M
+
(H2O)nAr (n = 3-5) clusters exceed 10
4
 s
-1
 with merely 0.5 kJ/mol of excess 
energy above the threshold binding energies of Ar and H2O. As the uncertainty in the energies 
for this study is ~1 kJ/mol, the kinetic shift in the binding energies can be neglected. 
 
Table 3.1. Comparison of H2O binding energies (kJ/mol) for M
+
(H2O)nAr (M= Cs, Rb; n = 3-5) cluster ions. 
a,b
 
Binding energies (kJ/mol) for M
+
(H2O)n (M= Cs, Rb; n = 3-5) cluster ions using aVDZ/aVTZ basis set for H and O; 
c,d
 Binding energies (kJ/mol) for M
+
(H2O)n (M= Cs, Rb; n = 3-5) cluster ions; 
e-g
Binding enthalpies of M
+
(H2O)n 
(M= Cs, Rb; n = 3-5) cluster ions at 298 K.  
 
Calculations Experiment 
 
Nicely et al. 
26
 
a
Park et al. 
34
 
c
Glendening et al. 
38
 
e
Dzidic et al. 
41
 
f
McKight et al. 
42
 
This 
work 
Rb
+
(H2O)3Ar 46.2 50.6/51.0 56.5 51 40.6 41.9-48.5 
Rb
+
(H2O)4Ar 48.2 49.0/52.7 55.2 46.9 N/A 47.2-49.1 
Rb
+
(H2O)5Ar 44.3 48.1/--- N/A 43.9 N/A >38.9 
 
 Calculations Experiments 
 
Nicely et al.
 
24
 
b
Kolaski et 
al.
 35
 
d
Glendening et al.
 
38
 
g
Dzidic et al. 
41
 
McKight et al. 
42
 
This 
work 
Cs
+
(H2O)3Ar 45.2 45.6/52.3 54.4 46.9 N/A 43.0-53.8 
Cs
+
(H2O)4Ar 49.6 49.4/45.2 55.2 44.4 N/A <40.9 
Cs
+
(H2O)5Ar 38.7 41.4/--- N/A N/A N/A >40.5 
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Figure 3.1. Low-lying structures for Rb
+
(H2O)nAr (n = 3,4) and Rb
+
(H2O)5 reproduced from Nicely et al.
26
 with 
ZPE-corrected conformational potential energies (kJ/mol) at 0 K and vibrational energies (kJ/mol) (in parentheses) 
estimated at 100 K, 75 K and 50 K respectively, from RRKM-EE and binding energy analysis. 
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Figure 3.2. Low-lying structures for Cs
+
(H2O)mAr (m = 3,4) and Cs
+
(H2O)5 reproduced from Miller et al.
24
 with 
ZPE-corrected conformational potential energies (kJ/mol) at 0 K and vibrational energy (kJ/mol) (in parentheses) 
estimated at 100 K, 75 K and 50 K respectively, from RRKM-EE and binding energy analysis 
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3.3.1 M+(H2O)3Ar 
 
Figure 3.3. IRPD spectra of Rb
+
(H2O)3Ar obtained by monitoring the argon dissociation channel [Ar] and argon and 
water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the free 
OH stretch at 3708 cm
-1
 for both spectra similar. 
 
 
Firure 3.4. IRPD spectra of Rb
+
(H2O)3Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers reproduced from Nicely et al.,
26
 ab initio conformational potential energy (kJ/mol) is 
given in parenthesis. All intensities of the simulated spectra are scaled using the same scaling factor. 
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The IRPD spectra of Rb
+
(H2O)3Ar for [Ar] loss channel and [Ar+H2O] loss channel are 
shown in Figure 3.3. The predominant dissociation channel is the loss of Ar, which requires only 
about 5 kJ/mol of energy. The locations of the spectral features in the two loss channels are 
similar, but the relative intensities of the spectral features are different. Calculated spectra 
associated with stable minima on the potential energy surface of Rb
+
(H2O)3Ar, reproduced from 
work by Nicely et. al.,
26
 are presented in Figure 3.4 together with the IRPD spectrum and are 
used to assign the spectral features to specific structures. The minimum energy R3a conformer, 
with two bent hydrogen bonds between two waters near the ion, securing a third water in the 
second shell, contributes to the hydrogen-bonded OH stretching features at around 3540 cm
-1
 and 
the free OH stretch feature at around 3708 cm
-1
.The R3c conformer, with no hydrogen bond, has 
the symmetric OH stretch feature at 3642 cm
-1
. The asymmetric stretch of R3c, calculated to be 
near 3740 cm
-1, has ΔK=±1 rotational subbands, since the transition moment is perpendicular to 
the H2O symmetry axis. This gives rise to the features at 3735 cm
-1
 and 3770 cm
-1
. Such 
rotational subbands have been observed in M
+
(H2O)2,3Ar (M=Rb, Cs) spectra,
24,26
 and could also 
be viewed as a combination band of the asymmetric stretch and a torsion (hindered rotor).
43,44
 
The R3b conformer, with a cyclic water trimer subunit, doesn’t appear to be present to a 
significant extent in the experimentally observed ensemble of cluster ions, nor does the R3d 
conformer with a single linear hydrogen bond. 
As noted earlier, the two spectra in Figure 3.3 differ in the magnitude of the IRPD signals 
for specific bands. While accessing the [Ar] loss channel requires only 5 kJ/mol of energy (the 
binding energy of argon), accessing the [Ar+H2O] loss channel requires 51.2 kJ/mol of energy 
(the binding energy of argon and water). This must be supplied by the energy of the photon, 
vibrational energy within the cluster ion and conformational potential energy, which depends on 
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the conformer (see Figure 3.2). The temperature of the cluster ensemble is 100 K based on the 
RRKM-EE calculation and binding energy analysis. Therefore, the total internal energies, i.e. 
conformational potential energy and the average vibrational energy, are 4.4 kJ/mol and 11.0 
kJ/mol for R3a and R3c conformers, respectively. The energy imparted from the photon is 38-45 
kJ/mol in the OH stretch region i.e. from 3300 cm
-1
 to 3800 cm
-1
. Therefore, R3a and R3c 
conformers have 42.4-49.4 kJ/mol and 49.0-56.0 kJ/mol of total available energy, respectively. 
As a result, R3a conformer does not possess sufficient energy to access the [Ar+H2O] 
fragmentation channel. The suppressed hydrogen-bonded feature, at 3550 cm
-1
 in the [Ar+H2O] 
loss channel supports this analysis. On the other hand, R3c conformer has enough energy to 
induce [Ar+H2O] fragmentation for the symmetric and asymmetric OH stretches and thus 
appears more prominently in the IRPD spectrum for the [Ar+H2O] loss channel. Furthermore, 
with less contribution from the free OH stretch of R3a conformers, the relative intensity of the 
superimposed feature of free OH stretch decreased and therefore made the symmetric stretch the 
most prominent band in this spectrum. This provides a direct evidence that the R3c conformer is 
trapped in the Rb
+
(H2O)3Ar cluster system. 
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 Figure 3.5. IRPD spectra of Cs
+
(H2O)3Ar obtained by monitoring the argon dissociation channel [Ar] and argon and 
water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the free 
OH stretch at 3705 cm
-1
 for both spectra similar. 
 
 
Figure 3.6. IRPD spectra of Cs
+
(H2O)3Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers reproduced from Miller et al.,
24
 ab initio conformational potential energy (kJ/mol) is 
given in parenthesis. All intensities of the simulated spectra are scaled using the same scaling factor. 
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The IRPD spectra of Cs
+
(H2O)3Ar for [Ar] loss channel and [Ar+H2O] loss channel are 
shown in Figure 3.5. The [Ar] loss channel is again the predominant dissociation channel and the 
locations of the spectral features in both channels are almost identical. In the [Ar+H2O] loss 
channel, the feature at 3555cm
-1
 is slightly suppressed, while the relative intensity of the feature 
at 3640 cm
-1
 increased, if compared with the [Ar] loss channel spectra. Calculated spectra of 
stable structural conformers of Cs
+
(H2O)3Ar, reproduced from work by Miller et. al.,
24
 are 
presented in Figure 3.6 and are used to assign the spectral features. The minimum energy C3a 
conformer, with a similar structure to R3a, contributes to both the bent hydrogen-bonded OH 
stretch feature at 3555cm
-1
 and the free OH stretch feature at 3705 cm
-1
. The C3c conformer, 
with three first shell water molecules in the same plane with the cesium cation and no hydrogen 
bond, contributes to the symmetric OH stretch feature at 3640 cm
-1
 and the asymmetric feature 
overlaps with the free OH stretch from C3a conformer. Again, due to the similar calculated 
spectral features and the almost identical conformational potential energy (C3b has 0.4 kJ/mol 
more conformational potential energy) with C3a, the C3b conformer with a cyclic water trimer 
subunit could also be present in the cluster ensemble. 
The different relative intensity of the spectral features in both loss channels can be 
explained by a similar energy analysis to that used for Rb
+
. The RRKM-EE/argon binding 
energy analysis yields an effective Cs
+
(H2O)3Ar cluster ensemble temperature of 100 K. At 3700 
cm
-1
, C3a conformer has on average ~49 kJ/mol of total energy. This energy is at the threshold to 
induce the [Ar+H2O] fragmentation, which requires 49.2 kJ/mol of energy. However, at 3555 
cm
-1
, the total energy that C3a conformer possesses is only 47 kJ/mol, which is insufficient to 
access the [Ar+H2O] loss channel. On the other hand, C3c conformer has around 10 kJ/mol more 
total energy and can access the [Ar+H2O] loss channel throughout the entire OH stretching 
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region. Therefore, the relative intensity of the symmetric OH stretch feature from the C3c 
conformer increases compared with the suppressed bent hydrogen-bonded OH stretch feature 
from the C3a conformer.  
 
 
Figure 3.7. IRPD spectra of Rb
+
(H2O)3Ar and Cs
+
(H2O)3Ar of [Ar] dissociation channel and assignments to specific 
conformers. 
It is apparent that there are differences between the IRPD spectra of Rb
+
(H2O)3Ar and 
Cs
+
(H2O)3Ar in the [Ar] loss channel, as is shown in Figure 3.7. In the Rb
+
(H2O)3Ar spectra, the 
bent hydrogen-bonded OH stretch feature from R3a conformer and the symmetric OH stretch 
feature from high energy R3c conformer has similar intensity. This suggests that the population 
of the high energy R3c conformer is comparable with the minimum energy R3a conformer. 
However, in the Cs
+
(H2O)3Ar spectra, the bent hydrogen-bonded OH stretch feature from C3a 
conformer is significantly more intense than the symmetric OH stretch feature of C3c conformer, 
which indicates that the minimum energy C3a conformer is the dominant structure in the 
Cs
+
(H2O)3Ar cluster ensemble. As noted earlier, the competition between ion---water 
electrostatic interaction and water---water hydrogen bonding interaction plays a vital role in 
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determining the stable cluster structure. Since the ionic radius of rubidium atom is smaller than 
that for cesium, the electrostatic field of the rubidium cation is stronger than that of cesium. 
Therefore, the rubidium cation is more strongly solvated by the water molecules, disrupting 
potential hydrogen bonds between water molecules. At a hydration number of three, the Rb
+
---
water electrostatic interaction competes efficiently against the water---water hydrogen bonding 
interaction. As a result, the R3c conformer and R3a conformer are clearly seen in the [Ar] loss 
channel. In contrast, the Cs
+
---water electrostatic interaction is weaker and does not compete as 
effectively with the internal water---water hydrogen bonding interaction at the same hydration 
level. This leads to the minimum energy C3a conformer with a bent hydrogen bond as the 
dominant structure in the Cs
+
(H2O)3Ar cluster ensemble.  
3.3.2 M+(H2O)4Ar 
 
Figure 3.8. IRPD spectra of Rb
+
(H2O)4Ar obtained by monitoring the argon dissociation channel [Ar] and argon and 
water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the free 
OH stretch at 3708 cm
-1
 for both spectra similar. The spectrum of the [Ar] channel from 3300 cm
-1
 to 3500 cm
-1
 is 
scaled by a factor of five and inset to show the minor spectral features in this region. 
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Figure 3.9. IRPD spectra of Rb
+
(H2O)4Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for five structural conformers reproduced from Nicely et al.,
26
 ab initio conformational potential energy (kJ/mol) is 
given in parenthesis. All intensities of the simulated spectra are scaled using the same scaling factor. 
The IRPD spectra of Rb
+
(H2O)4Ar and a comparison with calculated spectra, reproduced 
from work by Nicely et al.
26 
are shown in Figure 3.8 and Figure 3.9, respectively. The most 
apparent difference between the two dissociation channels is that the spectral feature at 3550 cm
-
1
 in the [Ar+H2O] channel is significantly suppressed, compared with the same feature in the [Ar] 
loss channel. The spectral features could be readily assigned to R4b conformer, which has a 
second shell proton accepting water molecule secured by two first shell proton donating water 
molecules via a bent hydrogen bond. The bent hydrogen bonded OH stretch contributes to the 
spectral feature at 3550 cm
-1
, while the free OH stretch from hydrogen bonded water molecules 
contributes to the spectral feature at 3708 cm
-1
.
 
The nearly isoenergetic R4c conformer with a 
cyclic water trimer subunit could also be present, as is suggested by Nicely et al.
26
 But again, 
there is no definitive spectral or energetic evidence to support this suggestion. The minor 
features at 3480 cm
-1
 and 3440 cm
-1
 are likely from R4a conformer with a cyclic water tetramer 
subunit. The feature at 3370 cm
-1
 did not match with any of the calculated stable conformers, but 
it could come from other structural conformers with a stronger hydrogen-bonded OH stretch. 
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Clearly, the low intensities of these three spectral features indicate that they come from minor 
contributors to the Rb
+
(H2O)4Ar ensemble. 
Ab initio calculations
26
 show that the energies required to access [Ar] and [Ar+H2O] 
dissociation channels are 5 kJ/mol and 53.2 kJ/mol, respectively. The total energy available to 
R4b conformer is 52.2 kJ/mol at 3550 cm
-1
 and 54.1 kJ/mol at 3708 cm
-1
, due to the different 
photon energies at these frequencies. Bearing in mind that the total energy of a conformer is an 
average energy based on the internal energy distribution, a sizeable fraction of R4b conformers 
have insufficient energy to access the [Ar+H2O] channel by absorbing a photon of 3550 cm
-1
. In 
comparison, the average total energy of R4b conformer by absorbing a photon of 3708 cm
-1
 is 
slightly higher than the binding energy of argon and water, which enables access to the [Ar+H2O] 
dissociation channel in this frequency region. As a result, the magnitude of the hydrogen bonded 
feature is significantly suppressed compared with the free OH stretch feature in the [Ar+H2O] 
dissociation channel. The minor contributors to the Ar loss channel, giving rise to the spectral 
features between 3300 and 3500 cm
-1
, appear to be due to a more stable species such as R4a, 
which have insufficient total energy to access the [Ar+H2O] dissociation channel. 
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Figure 3.10. IRPD spectra of Cs
+
(H2O)4Ar obtained by monitoring the argon dissociation channel [Ar] and argon 
and water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the 
free OH stretch at 3701 cm
-1
 for both spectra similar. 
 
Firure 3.11. IRPD spectra of Cs
+
(H2O)4Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers reproduced from Miller et al.,
24
 ab initio conformational potential energy (kJ/mol) is 
given in parenthesis. All intensities of the simulated spectra are scaled using the same scaling factor. 
The IRPD spectrum of the Cs
+
(H2O)4Ar cluster and comparison with calculated spectra
24
 
are shown in Figure 3.10 and Figure 3.11. There are two major features in both of the [Ar] and 
[Ar+H2O] loss channels at 3701 cm
-1
 and 3505 cm
-1
,
 
and their relative intensities are almost 
45 
  
identical in both channels. This suggests that the major contributors to both channels are the 
same. There is also a minor feature at 3553 cm
-1 
in the [Ar] loss channel that is suppressed in the 
[Ar+H2O] loss channel. 
The spectral feature at 3505 cm
-1
 has been assigned to the cyclic hydrogen bond feature 
of the C4a conformer, which has a cyclic water tetramer subunit.
24
 The minor spectral feature at 
3553 cm
-1
 is assigned to the bent hydrogen bonded OH stretch arising from the C4c conformer 
and the frequency is consistent with the similar hydrogen bonded OH stretch present in both the 
Cs
+
(H2O)3Ar C3a conformer and Rb
+
(H2O)4Ar R4b conformer. It is clearly apparent that the 
calculated frequency of the cyclic hydrogen bonded feature of C4a conformer is about 70 cm
-1
 
lower than the assigned feature in the IRPD spectra. Calculations from different groups at 
different levels have been compared and displayed in Table 3.2. While the MP2 level 
calculations yield frequencies in better agreement with experimental frequency, there is still a 
substantial 70 cm
-1
 discrepancy. We have previously observed that for strong hydrogen bond 
interactions, scaling harmonic frequencies from calculations to compare with experiments can 
yield poor agreements, although the error is typically in the opposite direction.
45,46
 At present, we 
are unable to explain the source of the discrepancy. However, by comparison with the results 
from Rb
+
(H2O)4Ar and Cs
+
(H2O)3Ar, it is clear that a stronger hydrogen bonding conformer 
must be responsible for the feature at 3505 cm
-1
. This leads inexorably to the C4a structure, since 
the only possible alternative, C4e, is clearly too high in energy, as well as being a high energy 
alternative to C4c, to play a role in this system. Miller et al. observed that the neutral cyclic 
water tetramer had an OH stretching mode at 3394 cm
-1
 in He droplet experiments,
47,48
 over 100 
cm
-1
 lower in frequency than that assigned in our C4a conformer. It appears that in the 
Cs
+
(H2O)4Ar system, the Cs
+
 exerts strain on the water tetramer subunit, weakening the water-
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water hydrogen bonding interaction, and therefore shifting the hydrogen bonded OH stretch of 
the water tetramer subunit to higher frequency (3505 cm
-1
), as compared with the neutral cyclic 
water tetramer feature observed by Miller et al.
47,48
  
This level of inconsistency between calculated and experimental frequencies was not 
observed in either smaller M
+
(H2O)3Ar clusters or Rb
+
(H2O)4Ar cluster. This suggests that, 
although the effective core potential approach for cesium may not be as accurate as the well-
defined aug-cc-pVDZ basis set for H and O atoms and could potentially be the source of this 
inconsistency.
37,49–53
 Other issues such as anharmonicity or hydrogen bonding correlation effects 
might play substantive roles.  
 
Table 3.2. Calculated frequencies of the cyclic water tetramer hydrogen-bonded OH stretch. 
Cs
+
(H2O)4 Miller et al.
24
 Kołaski et al.35 Ali et al.39 
Level of calculation MP2 MP2 B3LYP 
Basis set for H and O atom aug-cc-pVDZ aug-cc-pVDZ(VTZ) cc-PVDZ 
Basis set for Cs
+
 ion LANL2DZ  Effective core potential split valence 3-21G 
Cyclic H-bond frequency, 
Calculation (cm
-1
) 
3436 3424(3434) 3411 
Cyclic H-bond frequency, 
Experiment (cm
-1
) 
3505 
 
Based on the RRKM-EE estimated temperature of 100 K, the C4a conformer has a total 
energy of 44.9 kJ/mol at 3505 cm
-1
 and 47.3 kJ/mol at 3701 cm
-1
. From our ab initio 
calculations,
24
 the water binding energy is 49.6 kJ/mol. Therefore, the energy required to access 
[Ar+H2O] loss channel is 53.6 kJ/mol, which is higher than the total energy that the C4a 
conformer possesses. This indicates that either the water binding energy is overestimated, or the 
total available energy of C4a is underestimated. Considering the issues associated with the 
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vibrational frequencies of C4a, an error with the binding energies is not unreasonable. As 
indicated earlier, the total energy of a conformer consists of conformational potential energy, 
vibrational energy and photon energy. C4a structure has been verified by various studies as the 
most stable structure for Cs
+
(H2O)4Ar.
24,35,38,39
 Therefore, the C4a structure has 0 kJ/mol of 
conformational potential energy. The photon energy is only related with the laser frequency and 
should be quite accurate for a well calibrated laser source. The vibrational energy is obtained 
using vibrational partition functions with ab initio harmonic frequency and is sensitive to both 
vibrational frequencies and effective temperature. In this study, the effective temperatures are 
evaluated using the RRKM-EE, corrected by a factor derived from the experimental K rotational 
temperature of M
+
(H2O)Ar (M=Na, K, Rb and Cs) system.
26,28
 Therefore, the effective 
temperatures are believed to be fairly accurate. This analysis leaves the binding energies, as well 
as the uncertainty of vibrational energy contribution based on the calculated harmonic vibrational 
frequencies as the most probable sources of error. Kim et al. suggested that water binding 
energies without BSSE (Basis Set Superposition Error) correction tend to be overestimated.
34,35
 
Since both major spectral features of C4a conformer appeared in the [Ar+H2O], based upon our 
energy analysis, the binding energy of water and argon should be less than 44.9 kJ/mol. Given 
that the argon binding energy is around 4 kJ/mol, the water binding energy should not be greater 
than 40.9 kJ/mol, in comparison to the 49.6 kJ/mol value from the MP2 level calculation with the 
aug-cc-pVDZ basis set for H and O.
24,35
 However, by using a higher level aug-cc-pVTZ basis set 
for H and O, Kolaski et al. reported a water binding energy of 45.2 kJ/mol,
35
 which is much 
closer to the experimentally suggested binding energy(<40.9kJ/mol). The C4b and C4c 
conformers both could contribute to the minor hydrogen bond feature at 3553 cm
-1
, but the low 
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relative intensity in both channels indicates these two higher potential energy conformers are not 
major contributors.  
 
 
Figure 3.12. IRPD spectra of Rb
+
(H2O)4Ar and Cs
+
(H2O)4Ar of [Ar] dissociation channel and assignment to specific 
conformers. 
Figure 3.12 shows the comparison between the [Ar] dissociation channel spectra of 
Rb
+
(H2O)4Ar and Cs
+
(H2O)4Ar and the difference is quite apparent. The major contributor of the 
Rb
+
(H2O)4Ar spectrum is the R4b conformer with a bent hydrogen bond, while this same 
structure is only a minor contributor in the Cs
+
(H2O)4Ar spectrum. The dominance of C4a 
conformer with a stronger cyclic tetramer hydrogen bond suggests that at the hydration level of 
four water molecules, the weak cesium cation---water electrostatic interaction is dominated by 
the water---water hydrogen bonding interaction. Therefore, the favored structure of Cs
+
(H2O)4Ar 
shifts towards the most stable structure of the neutral (H2O)4 network, which has a cyclic 
hydrogen bonded tetramer structure, as verified by both calculations
54,55
 and experiments.
47,48,56
 
However, the difference in vibrational frequencies, 3394 cm
-1
 for neutral (H2O)4 and 3505 cm
-1
 
for Cs
+
(H2O)4Ar indicates that the interaction between water tetramer subunit and Cs
+
, although 
weakened, still exerts a noticeable effect on the vibrational modes. In contrast, the rubidium 
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cation, with a smaller ionic radius, projects a stronger electrostatic field that can disrupt the 
water---water interaction more substantively, fragmenting any potential cyclic water tetramer 
structure. Thus, the most stable structure of Rb
+
(H2O)4Ar only involves somewhat weaker bent 
hydrogen bonds.  
3.3.3 M+(H2O)5Ar 
 
Figure 3.13. IRPD spectra of Rb
+
(H2O)5Ar obtained by monitoring the argon dissociation channel [Ar] and argon 
and water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the 
free OH stretch at 3705 cm
-1
 for both spectra similar.  
The IRPD spectra of [Ar] and [Ar+H2O] channels of Rb
+
(H2O)5Ar are shown in Figure 
3.13. The spectral features in both channels look similar but the feature at 3433 cm
-1
 in the [Ar] 
dissociation channel is essentially absent in the [Ar+H2O] channel. This suggests that this feature 
comes from a low energy conformer that does not possess sufficient energy to access the 
[Ar+H2O] channel. Both spectra contain multiple hydrogen bonded features below 3600 cm
-1
, 
which is not surprising since at this level of hydration, the cation---water interaction is further 
weakened with respect to water-water interactions and structures with hydrogen bonds should be 
favored. Also, based on the definitive spectral assignment and non-covalent interaction analysis 
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of M
+
(H2O)3Ar and M
+
(H2O)4Ar clusters, structures with stronger linear and cyclic hydrogen 
bonds are expected to appear in the M
+
(H2O)5Ar clusters. Recall that the feature at 3550 cm
-1
 in 
the Rb
+
(H2O)4Ar spectra was assigned to the bent hydrogen bonded OH stretch of R4b 
conformer with minor contribution from the cyclic water trimer hydrogen bonded OH stretch. 
Therefore, it is highly possible that the feature at 3555 cm
-1
 in the Rb
+
(H2O)5Ar also comes from 
a structure with bent hydrogen bond or a cyclic water trimer subunit structure. The three peaks 
between 3450 cm
-1
 and 3520 cm
-1
 are believed to be associated with conformers with stronger 
linear hydrogen-bonded OH structures, which shift the OH vibration modes to lower frequency. 
Due to the intrinsic similarity of spectral features in both loss channels and the increasing 
uncertainty of the reliability of ab initio calculations as the cluster structures become more 
complicated for M
+
(H2O)5Ar clusters, the calculated stable structures and spectra could not be 
used to definitively assign these three spectral features to specific OH stretching modes.
24–26
 The 
OH stretching feature at 3433 cm
-1
, as mentioned earlier, is likely to come from a low energy 
conformer with a very strong hydrogen bonded (cyclic tetramer or pentamer) OH stretching 
feature. The ab initio calculation of Rb
+
(H2O)5 of Nicely et al.
26
 suggested that the R5a 
conformer with a cyclic water tetramer hydrogen-bonded subunit and the R5b conformer with a 
cyclic water pentamer hydrogen-bonded substructure could fall into this category. A 
corresponding energy analysis shows that R5a and R5b conformers have total energies of 43.7 
kJ/mol and 48.6 kJ/mol at 3433 cm
-1
, respectively, while the energy required to access the 
[Ar+H2O] channel is 48.3 kJ/mol. In principle, the R5b conformer could access both channels if 
being present and the R5a conformer could only access the [Ar] channel. Based on this energy 
analysis, the spectral feature at 3433 cm
-1
 is assigned to the R5a conformer. This also suggests 
that the R5b conformer is not present in a significant amount in Rb
+
(H2O)5Ar cluster ensemble, 
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otherwise the cyclic water pentamer hydrogen-bonded OH stretch should be seen in both 
channels. 
 
Figure 3.14. IRPD spectra of Cs
+
(H2O)5Ar obtained by monitoring the argon dissociation channel [Ar] and argon 
and water dissociation channel [Ar+H2O]. The IRPD cross section of the [Ar+H2O] channel is scaled to make the 
free OH stretch at 3705 cm
-1
 for both spectra similar.  
The IRPD spectra of [Ar] and [Ar+H2O] channels of Cs
+
(H2O)5Ar are shown in Figure 
3.14. Similar to Rb
+
(H2O)5Ar, multiple hydrogen bonded OH stretch features appear in both 
dissociation channels. Based on the previous assignment of Rb
+
(H2O)5Ar and to similar 
systems,
24,26
 the feature at 3550 cm
-1
 is either the bent or cyclic water trimer hydrogen bonded 
OH stretching mode (or both), while the features between 3440 cm
-1
 and 3520 cm
-1
 are from 
conformers with linear hydrogen bonds. However, two of the features in the [Ar] dissociation 
channel, at 3411 cm
-1
 and 3390 cm
-1
, disappear in the [Ar+H2O] channel. The feature at 3411 
cm
-1
 is assigned to the C5b conformer from the OH stretch associated with the cyclic water 
tetramer subunit, while the new feature at 3390 cm
-1
 is expected to come from the OH stretches 
associated with the C5a conformer that has a cyclic water pentamer subunit. The assignment of 
these two features is supported by the energy analysis of the dissociation channels. Based on the 
ab initio calculation done by Miller et al.
24
 and the internal energy from vibrations, the C5a 
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conformer has a total energy of 42.7 kJ/mol after absorbing a photon at 3400 cm
-1
 while C5b 
conformer possesses 44 kJ/mol of energy at the same frequency. As the energy required to access 
the [Ar+H2O] channel is around 45 kJ /mol, both conformers are unable to access the [Ar+H2O] 
loss channel. Meanwhile, the next higher energy conformers possess at least 14 kJ/mol of 
additional conformational potential energy, which would enable the accessing of both 
dissociation channels. As can be seen in Figure 14, the features at 3390 cm
-1
 and 3411 cm
-1 
are 
only present in the [Ar] loss channel, verifying the assignments to the C5a and C5b conformers. 
However, the features between 3440 cm
-1
 and 3520 cm
-1
 are not sufficiently well resolved to 
make definitive assignments.   
 
 
Figure 3.15. IRPD spectra of Rb
+
(H2O)5Ar and Cs
+
(H2O)5Ar of [Ar] dissociation channel and assignment to specific 
conformers. 
The similarity between the IRPD spectra of [Ar] dissociation channel of the Rb
+
(H2O)5Ar 
and Cs
+
(H2O)5Ar clusters is shown in Figure 3.15. In comparison to the smaller M
+
(H2O)4Ar 
case, as the degree of hydration further increases, the cation---water interaction is further 
weakened, and the water---water hydrogen bonding interaction starts to dominate, resulting in 
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the presence of multiple hydrogen-bonded conformers. Furthermore, one can observe a slight 
shift to lower frequency of the water tetramer hydrogen-bonded OH stretches going from Rb
+
 
(3433 cm
-1
) to Cs
+
 (3411 cm
-1
), approaching the neutral cyclic water tetramer OH stretching 
frequency of 3394 cm
-1
, as has been observed in He droplets.
47,48
 This is a further example of the 
weaker electrostatic interaction between Cs
+
 and the hydrogen bonding interaction of the water 
substructures in the various conformers. Rb
+
 exerts more strain in these substructures, weakening 
the hydrogen-bonding interactions, resulting in a shift to higher frequency. The most striking 
example of this difference is the presence of the cyclic water pentamer structure in the 
Cs
+
(H2O)5Ar system in contrast to the Rb
+
(H2O)5Ar system. The interaction from Cs
+
 shifts the 
cyclic water pentamer hydrogen bonded OH stretch to slightly higher frequency (3390 cm
-1
), as 
compared to the neutral cyclic water pentamer OH stretching frequency (3353 cm
-1
) observed in 
He droplets.
47,48
  As the cyclic hydrogen bonded water pentamer structure is the most stable 
structure for neutral (H2O)5 network structure,
54,55
 the presence of the cyclic water pentamer 
structure in the Cs
+
(H2O)5Ar system indicates that the cesium cation---water interaction is much 
weaker compared with the interactions between the water molecules. Thus a substantial portion 
of water molecules in the Cs
+
(H2O)5Ar cluster ensemble approaches the behavior of pure (H2O)5 
clusters. On the other hand, the stronger rubidium cation---water interaction precludes the 
formation of the cyclic water pentamer structure. 
Our previous experiments have shown that multiple photon absorption plays a substantial 
role in explaining the IRPD spectra of Rb
+
(H2O)5 and Cs
+
(H2O)5 in the two water dissociation 
channel.
57
 The mechanism behind multiple photon absorption phenomena has been attributed to 
the simultaneous parallel absorption of photons into independent OH stretching modes with 
essentially the same frequency. There are two types of OH stretches that support this multiple 
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photon absorption process: the linear-type hydrogen bonded OH stretch and the "free" OH 
stretch. However, the structures associated with multiple independent linear-type OH stretches in 
the M
+
(H2O)5 species are not energetically favored in the M
+
(H2O)5Ar cluster ensemble, due to a 
much lower effective temperature. In order to further verify that multiple photon absorption was 
not an issue to be concerned for smaller clusters with independent free OH stretches, a laser 
power (fluence) dependence study of the [Ar+H2O] fragmentation has been done with the 
Cs
+
(H2O)nAr (n = 3-5) systems (see supporting materials at the end of this chapter) following the 
same procedure described in previous study.
57
 The results show no quadratic dependence on 
fluence, which rules out the possibility of multiple photon absorption processes in these systems. 
3.4  Concluding Remarks 
IRPD spectra of [Ar] and [Ar+H2O] dissociation channels with energy analysis provide 
unambiguous assignments of spectral features to various structural conformers. By 
systematically probing M
+
(H2O)nAr (M= Rb, Cs; n = 3-5) clusters, the competition between ion-
--water and water---water non-covalent interactions was characterized. For n=3, the bent 
hydrogen bonded structure dominates the ensemble of Cs
+
(H2O)3Ar clusters, although a small 
amount of non-hydrogen-bonded structures could be present. Due to a stronger electrostatic 
interaction between Rb
+
 and water, a greater portion of the Rb
+
(H2O)3Ar ensemble possessed 
non-hydrogen-bonded structures. For n=4, water---water interactions begin to dominate over 
cation---water interactions. But differences in the magnitude of cation---water interactions for 
rubidium and cesium, led to a greater level of disruption of the water network by Rb
+
 in 
comparison to Cs
+
. Therefore, the dominating cyclic water tetramer subunit structure seen in 
Cs
+
(H2O)4Ar was not observed for Rb
+
(H2O)4Ar. Instead, a bent hydrogen bonded structure was 
preferred for Rb
+
(H2O)4Ar. For n=5, cyclic hydrogen-bonded water substructures were found for 
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both cations, based on spectral and energy analysis, with the cyclic water tetramer substructure in 
the Rb
+
(H2O)5Ar system and cyclic tetramer and pentamer structures in the Cs
+
(H2O)5Ar system. 
Thus, at every cluster size, Rb
+
(H2O)nAr displayed less extensive hydrogen bonding than the 
corresponding cluster ions containing Cs
+
. 
Compared with the earlier study of hydrated lithium ions,
29
 the energy spacing between 
different conformers is on the order of 10 kJ/mol or less. This smaller energy difference is 
comparable to the uncertainty of ab initio calculations, as made clear in the case of Cs
+
(H2O)4Ar. 
In this situation, assessment of the total available energy for a cluster, i.e. conformational 
potential energy, vibrational energy and photon energy is quite useful. By evaluating the energy 
required to access specific fragmentation channels at the vibrational transition frequencies for a 
given conformer, structural assignments for OH stretches in specific conformers could be made. 
Insight into the water binding energies for M
+
(H2O)nAr (M= Rb, Cs; n = 3-5) cluster ions was 
also provided. The laser power (fluence) dependence study of the [Ar+H2O] dissociation rules 
out the issue of the multiple photon absorption from disrupting the thermodynamic analysis. 
Lastly, the comparison between the vibrational frequencies of cyclic water tetramer and 
pentamer subunits of Rb
+
/Cs
+
(H2O)5Ar systems and neutral (H2O)5 observed in He droplets 
indicate that the ion-water electrostatic interactions in such systems weaken the water-water 
hydrogen bonding interactions and shift the OH stretch to higher frequencies.  
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3.6  Supporting Information 
 
 
 
 
 
 
Figure 3.16. The laser power (fluence) dependence of the free OH stretches of the Cs
+
(H2O)nAr systems in the 
[Ar+H2O] fragmentation channel. The uncertainty of the data is ~25%. 
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Chapter 4: Insights into the Structures of the Gas-Phase Hydrated 
Cations, M
+
(H2O)nAr (M = Li, Na, K, Rb and Cs; n = 3-5), Using 
Infrared Photodissociation Spectroscopy and Thermodynamic 
Analysis
1
 
4.1  Introduction 
The investigations of hydrated cesium and rubidium systems using MC-IRPD method 
together with energetic analyses have proven to be successful in the last chapter. This 
encouraged us to apply this method to hydrated lithium, sodium and potassium systems. 
Compared with cesium and rubidium, these cations have higher charge densities, hence exerting 
a greater influence on the hydrogen bonding interactions between water molecules. To what 
extent will charge density affect the hydration structures and the hydration/dehydration dynamics 
of monovalent cations, at various hydration levels is of fundamental interest to researchers 
interested in biological and physiological systems, such as ionophores and protein channels, 
where these subtle effects play important roles. With the previous established investigation 
method, we propose to extend this systematic study of hydration structures and thermodynamics 
to the smaller monovalent alkali cations at various hydration levels. 
Alkali metal cations play vital roles in chemical and biochemical systems. Lithium is 
widely used in psychiatric treatment of manic states and bipolar disorder;
1,2
 Sodium and 
potassium are essential elements, having major biological roles as electrolytes, balancing 
osmotic pressure in cells and assisting electroneurographic signal transmission;
3
 Rubidium has 
seen increasing usage as a supplement for manic depression and for the treatment of 
                                                          
1
 This Chapter is reproduced in part and reprinted with permission from Ke, H.; van der Linde, C.; Lisy, J. M. 
Insights into the Structures of the Gas-Phase Hydrated Cations M
+
(H2O)nAr (M = Li, Na, K, Rb, and Cs; n = 3–5) 
Using Infrared Photodissociation Spectroscopy and Thermodynamic Analysis. J. Phys. Chem. A. 2015, 119, 2037–
2051. 
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depression;
4–6
 Cesium-doped compounds are used as essential catalysts in chemical production 
and organic synthesis.
7,8
 Since hydrated alkali metal cations are ubiquitous in chemical and 
biochemical systems, their structural and thermodynamic properties are essential in 
characterizing complex chemical and biochemical processes, such as ion transport and ion size-
selectivity by ionophores and protein ion channels.
9–16
  
A large number of theoretical calculations
16–46
 and experiments
47–80
 have been done in the 
past decades to investigate hydrated alkali metal cluster ions from a variety of perspectives. How 
these ions move from the aqueous phase into biological systems, such as at the entrance of an ion 
channel, depends on the interplay between competing intermolecular forces, which first must 
involve ion-water and water-water interactions. The interactions were found to be dependent 
upon the charge density of the cation. Li
+
 and Na
+
 were characterized as kosmotropes, or 
structure breakers, which bond with water strongly and suppress the formation of hydrogen 
bonds; K
+
, Rb
+
 and Cs
+
 were characterized as chaotropes, or structure makers, which bond with 
water weakly and assist the formation of hydrogen bonds.
18,81
 These transitions of physical 
properties such as water ordering around ions, radial distribution functions and Hofmeister 
effects between hydrated Na
+
 and hydrated K
+
 are supported by theoretical simulations
16,82–85
 
and experimental studies.
79,86
 Qualitative Na
+
/K
+
 channel schemes were also postulated, focusing 
on the structure and dynamic behavior of the ion channels, but were unable to fully account for 
the different hydration structures and thermodynamics associated with the dehydration process 
for different cations.
11,13
 More recent studies have suggested that when K
+ 
passes through an ion 
channel, selective for K
+
, the dehydration energy of K
+
(H2O)n is compensated by the more 
favorable binding energy of K
+
 in the pore of the protein, in comparison to Na
+
. While the bulk 
hydration of Na
+
 is favored by 18 kcal/mol over K
+
,
87
 the binding energy in the pore favors K
+
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due to two effects: attractive ion---ligand interactions (that increase with smaller cations but are 
mediated by coordination number which increases with larger cations) and repulsive ligand---
ligand interactions (that decrease with larger cations).
15,88–91
 Simulations involving transport of 
hydrated K
+
 and Na
+
 through carbon nanotubes indicate that an uncharged tube of the 
appropriate diameter can select K
+
 over Na
+
 without an external electric field or surface charges, 
and it was concluded that the energy required for partial desolvation played an important role.
92 
Therefore, fundamental structural insights and thermodynamic properties of the hydrated alkali 
cations are crucial for modeling the ion selective channels. Yet, quantitative structural and 
thermodynamic properties of these cations are few.
72,93
 
Our previous studies that combined Infrared Photo-Dissociation Spectroscopy (IRPD) 
and ab initio calculations have shown a delicate balance of non-covalent interactions, i.e. ion---
water electrostatic and water---water hydrogen bonding interactions, in determining the structure 
of gas-phase hydrated alkali metal cluster ions.
61–63,66
 The balance between these interactions is 
very sensitive to the sign and magnitude of the charge, and the internal energy of the cluster ion, 
which is determined by the evaporation pathway in these systems.
54,76
 IRPD spectra monitoring 
the OH stretching region (3300-3800 cm
-1
) of the [Ar] dissociation channel of argon-tagged 
hydrated alkali metal cluster ions, M
+
(H2O)nAr (M = Li, Na, K, Rb, Cs; n = 1-5), revealed 
detailed structural information. Conformer contributions could be analyzed by comparing the 
relative intensities of identified hydrogen-bonded and/or symmetric OH stretch spectral 
features.
63,66
 The internal energy and effective temperature of cluster ions could also be deduced 
by analyzing the relative intensity of ΔK=±1 rotational subbands of the M+(H2O)Ar (M = Li, Na, 
K, Rb, Cs) clusters.
75–77
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Pure spectral analysis is insufficient to identify structural conformers once the hydration 
number surpasses three, since there can be several structural conformers coexisting with similar 
structures and/or similar spectral features.
62,63,66
 Therefore, a combined spectral and 
thermodynamic analysis method was developed to assist the assignment of structural 
conformers.
93
 In this method, we assume that argon and water dissociate independently, the more 
weakly bound argon leaving first, with little or no impact on the binding energy of water to the 
cluster ion. We simultaneously monitor the [Ar] and [Ar+H2O] dissociation channels. Since the 
energy threshold for accessing a specific dissociation channel approximately equals to the total 
binding energy of all of the dissociation fragments, the energy threshold of [Ar+H2O] 
dissociation channel (~50 kJ) is much larger than [Ar] dissociation channel (~5 kJ). Therefore, 
only the spectral features originating from the structural conformers possessing sufficient energy, 
i.e. nascent thermal vibrational energy, conformational potential energy and the energy imparted 
by absorbing an infrared photon, can appear in the [Ar+H2O] dissociation channel. This method 
has been applied to study the Rb
+
(H2O)3-5Ar and Cs
+
(H2O)3-5Ar systems
93
 and led to the 
identification of additional structural conformers. Thermodynamic properties such as the binding 
energy of water (M
+
(H2O)n→ M
+
(H2O)n-1+H2O) could also be determined from this method, and 
the results were consistent with previous reference data.
93
 We now apply the same method to the 
Li
+
(H2O)3,5Ar, Na
+
(H2O)3-5Ar and K
+
(H2O)3-5Ar cluster ions which are more relevant to 
physiological systems, to complete the characterization of the structural transition and the 
thermodynamic properties for the entire group of the hydrated alkali metal cations, M
+
(H2O)nAr 
(M =Li, Na, K, Rb and Cs; n = 3-5).   
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4.2  Computational and Experimental Details 
Ab initio calculations at the MP2/aug-cc-pVDZ level are used to identify stable structural 
configurations, conformational energies and vibrational frequencies. The computational results 
for the Li
+
(H2O)3,4Ar, Na
+
(H2O)3,4Ar and K
+
(H2O)3,4Ar systems are reproduced from earlier 
work by our group.
63,72
 For Li
+
(H2O)5Ar, Na
+
(H2O)5Ar and K
+
(H2O)5Ar systems, ab initio 
calculations were carried out using GAUSSIAN 09 software package.
94
 Oxygen, hydrogen and 
argon atoms as well as lithium and sodium cations were treated with the augmented correlation-
consistent all-electron basis set, aug-cc-pVDZ. The Los Alamos double-ζ basis set with effective 
core potentials LANL2DZ
95–97
 was used to treat potassium cations. Basis-set superposition errors 
(BSSE) were not corrected, as the relative energies of hydrated cations in this study are only 
minimally affected by basis-set error.
63,98
 There is still no sound conclusion on how BSSE 
corrections affect either harmonic frequencies or eneriges.
99,100
 Theoretical spectra were 
generated using Swizard program by applying an average Gaussian linewidth of 15 cm
-1
 and 
harmonic vibrational frequencies were scaled uniformly by a factor of 0.9604 to be compared 
with IRPD spectra. This scaling factor was derived by averaging the ratio of calculated 
frequencies of the symmetric and antisymmetric stretches of H2O at the current level of 
calculation over the experimentally observed values.
101
  
The effective temperatures of our ion clusters are modeled using the Rice-Ramsperger-
Kassel-Marcus evaporative ensemble (RRKM-EE) formulism, which is described in detail 
elsewhere.
54,63,75,76
 The RRKM-EE output effective temperatures are corrected by a factor based 
on the binding energies of argon of different ion clusters.
93
 The average vibrational energy of the 
cluster ion is estimated from the ab initio harmonic vibrational frequencies and the RRKM-EE 
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effective temperature, assuming that the energy is equipartitioned using a microcanonical 
ensemble. 
The cluster ions studied in these experiments were generated and characterized in a 
custom-built triple-quadrupole mass spectrometer that has been described in detail elsewhere.
63
 
Alkali-metal ions are produced via thermionic emission from a homemade ion gun with a 
resistively heated tungsten filament coated with an alkali chloride enriched molecular sieve paste. 
The cations are imaged by a set of electrostatic lenses and collide perpendicularly with the fully 
expanded neutral cluster beam of argon and water mixture generated through a 30
 
degree conical 
nozzle with a bore of 180 μm. The intersection point is located approximately 3 cm from the tip 
of the nozzle, a point where the collisional cooling of the neutral beam has ceased. The collision 
and interaction energies in the nascent cluster ions are dissipated solely via evaporative 
cooling.
54
 The ions are then guided into the detection chamber by electrostatic lenses and an 
octopole ion guide through a 1.5 mm diameter skimmer. The cluster ions are mass selected by a 
quadrupole mass filter, and then interact with infrared photons along a 60 cm quadrupole ion 
guide. The infrared photons are generated by a tunable infrared laser [LaserVision OPO/OPA 
pumped by a 10 Hz Surelite II Nd:YAG laser] with energies of 2-5 mJ/pulse and 8 nsec pulse 
width, over the 2800-3800 cm
-1
 region. Photo-fragmented species are detected by a second 
quadrupole mass filter, tuned to the appropriate fragment (either loss of Ar or Ar+H2O). After 
normalization by correcting for the laser fluence, the IRPD spectra are generated. 
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4.3  Results and Discussion 
The stable structural conformers of lithium, sodium and potassium systems and 
corresponding energies, both newly identified and those reproduced from Miller et al.
63
 and 
Rodriguez et al.,
72
 are shown in Figure 4.1-4.3 respectively. In addition, we calculated the 
average vibrational energies of all structural conformers. The average vibrational energy of an 
ion cluster is obtained by first calculating the vibrational partition function of each individual 
vibrational mode at temperatures determined from the evaporative ensemble energy analysis, and 
summing over all 3N-6 vibrational modes. The calculated and experimentally estimated H2O 
binding energies were compared with results from ab initio calculations,
25,26,30–32,35,98
 DFT 
calculations,
35
 CCSD calculations,
35
 Monte Carlo simulations,
27,102
 and experimental 
results
48,50,57,58,71
 with the results given in Table 4.1.  
The experimental water binding energies (M
+
(H2O)n→ M
+
(H2O)n-1+H2O) listed in the far 
right column in Table 1 are deduced using the same combined spectral and thermodynamic 
analysis as in our previous study.
93
 The total energy of a given cluster ion conformer, with 
absorption of an infrared photon, must exceed the collective binding energy of both argon and 
water in order to access the [Ar+H2O] dissociation channel. This provides an upper bound to the 
binding energy of H2O. If the cluster ion conformer possesses insufficient energy to access the 
[Ar+H2O] dissociation channel, the IRPD spectral features will only be observed in the [Ar] 
dissociation channel, which gives a lower bound to the H2O binding energy. The accuracy of the 
experimentally estimated H2O binding energy depends largely on the internal energy distribution 
of the cluster ion,
54
 which results in a binding energy uncertainty of ±2.5 kJ/mol. A supportive 
laser power (fluence) dependence study of the [Ar+H2O] fragmentation, exciting the OH 
stretching feature near 3712 cm
-1
, has been done following the same procedure described in 
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previous publications.
53,93
 The results (see supporting material at the end of this chapter) show a 
linear dependence of dissociation on laser fluence, ruling out the possibility of multiple photon 
absorption by the independent free OH stretches.
53
 
The RRKM estimated effective temperatures, calculated binding energies and energy 
thresholds for different dissociation channels of the Li
+
/Na
+
/K
+
(H2O)nAr cluster ions are given in 
Table 2. The experimentally deduced H2O binding energies are also compared with the H2O 
binding energies of the neutral (H2O)n clusters and protonated H3O
+
(H2O)n clusters in Table 3. 
The detection of dissociation requires the cluster ion to fragment while in the middle 
quadrupole region of the apparatus, i.e. the unimolecular dissociation rate of the cluster ion has 
to be greater than the inverse of the time of flight (TOF) of the same cluster ion (~5000 s
-1
)
93
 
through that region. The RRKM results suggested that the average excess energy required above 
the threshold collective binding energies of Ar and H2O to exceed this dissociation rate is merely 
0.5 kJ/mol.
93
  Therefore, the kinetic shift of the dissociation process can be neglected, as the 
uncertainty from the thermodynamic analysis in this study is ~2.5 kJ/mol. 
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Figure 4.1. Low-lying structures for Li
+
(H2O)nAr (n = 3,4,5) both newly located (in bold and italic) and reproduced 
from Miller et al.
63
 and Rodriguez et al.
72
 with ZPE-corrected conformational potential energies (kJ/mol) at 0 K. The 
vibrational energies (kJ/mol) (in parentheses) were estimated at 150 K, 125 K and 75 K, for n=3, 4, 5, respectively, 
from RRKM-EE and binding energy analysis. 
 
 
Figure 4.2. Low-lying structures for Na
+
(H2O)nAr (n = 3,4,5) both newly located (in bold and italic) and reproduced 
from Miller et al.
63
 with ZPE-corrected conformational potential energies (kJ/mol) at 0 K. The vibrational energies 
(kJ/mol) (in parentheses) were estimated at 125 K, 100 K and 75 K, for n=3, 4, 5, respectively, from RRKM-EE and 
binding energy analysis. 
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Figure 4.3. Low-lying structures for K
+
(H2O)nAr (n = 3,4,5) both newly located (in bold and italic) and reproduced 
from Miller et al.
63
 with ZPE-corrected conformational potential energies (kJ/mol) at 0 K. The vibrational energies 
(kJ/mol) (in parentheses) were estimated at 125 K, 100 K and 50 K, for n=3, 4, 5, respectively, from RRKM-EE and 
binding energy analysis. 
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Table 4.1. Comparison of H2O binding energies (kJ/mol) for M
+
(H2O)n (M= Li, Na, K; n = 3-5) cluster ions. All calculated binding energy are from ab initio 
calculations at MP2 level if not otherwise specified. 
a 
Binding energy at B3LYP/MP2(full)/CCSD(T) level s of theory; 
b,c
 Monte Carlo calculation; 
d-g
 Binding 
enthalpies at 298 K, uncertainty is given in parentheses.  
 Calculations 
Experiments 
 
Miller et 
al. 
63
 
Glendening 
et al.
25
 
a
Rao et al. 
35
 
Feller et 
al. 
26
 
Lee et al. 
30
 
b
San-
Román et 
al.
27
 
 
dDžidić 
et al.
58
 
e
Rodger
s et al. 
71
 
 
This 
work 
Li
+
(H2O)3Ar 88.2 96.6 94.2/95.2/94.5 98.6 86.9 87.4  86.5 
93.6 
(3.9) 
 >75 
Li
+
(H2O)4Ar 66.9 69.4 64.3/69.4/67.6 83.4 66.5 68.6  68.6 
72.4 
(3.9) 
 >60 
Li
+
(H2O)5Ar 51.3 60.2 56.4/58.1/54.4 61.7 51.8 56.8  58.1 
50.2 
(5.8) 
 
53.8-
58.6 
 
 Calculations Experiments 
 
Miller et 
al.
63
 
Glendening 
et al.
25
 
a
Rao et al.
35
 
Neela et 
al. 
32
 
Lee et al. 
30
 
c
Carrillo-
Tripp et 
al.
102
 
Kim et 
al.
31
 
dDžidić 
et al.
58
 
f
Tang et 
al.
48
 
g
 
Dalleska  
et al.
57
 
This 
work 
Na
+
(H2O)3Ar 65.4 75.3 73.6/73.3/70.4 68.6 64.4 72.8 71.5 66 62.3 
70.2 
(5.9) 
~52.7 
Na
+
(H2O)4Ar 54.6 58.6 58.6/60.7/56.2 65.4 54.4 60.7 58.6 57.7 52.7 
54.8 
(5.9) 
50.3-
52.2 
Na
+
(H2O)5Ar 48 56.5 54.8/55.3/50.7 52.6 49.4 N/A 46.9 51.4 44.4  
46.9-
50.7 
 
 
Calculations Experiments 
 
Miller et 
al. 
63
 
Glendening 
et al. 
25
 
a
Rao et al. 
35
 
Lee et 
al.
98
 
Lee et al. 
30
 
c
Carrillo-
Tripp et al. 
102
 
 
d
Searles 
et al.
50
 
  
This 
work 
K
+
(H2O)3Ar 48.6 63.2 48.4/55.7/48.3 56.1 47.7/51.9 61.5  
55.2   
44.0-
48.1 
K
+
(H2O)4Ar 47.9 55.2 54.5/54.3/49.5 50.6 45.6/49.8 59.8  
49.4   
44.5-
51.1 
K
+
(H2O)5Ar 46.4 51.5 51/51.8/52.6 49 42.7/43.5 N/A  
41.8 
 
 <44.6 
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Table 4.2. RRKM estimated Temperatures and energy threshold for different dissociation channels for M
+
(H2O)nAr (M= Li, Na, K; n = 3-5).  
 
RRKM estimated 
Temperature (K) 
Energy threshold, [Ar] 
(kJ/mol) 
Energy threshold, 
[Ar+H2O] (kJ/mol) 
Li
+
(H2O)3Ar     150 7.6 95.8 
Li
+
(H2O)4Ar 125 6.0 72.9 
Li
+
(H2O)5Ar 75 5.8 57.1 
 
Na
+
(H2O)3Ar 125 7.1 72.5 
Na
+
(H2O)4Ar 100 5.4 60 
Na
+
(H2O)5Ar 75 5.5 53.5 
 
K
+
(H2O)3Ar 125 5.2 53.8 
K
+
(H2O)4Ar 100 4.6 52.5 
K
+
(H2O)5Ar 50 5.1 51.5 
 
Table 4.3. Comparison of experimental H2O binding energies (kJ/mol) for M
+
(H2O)nAr (M= Li, Na, K, Rb and Cs; n = 3-5) cluster ions, calculated 
H2O binding energies (kJ/mol) for (H2O)n (n=3-5) and experimental H2O binding energies (kJ/mol) for H3O
+
(H2O)n (n=3-5).
 a
The experimental 
H2O binding energies are only available for (H2O)2
103
  and (H2O)3
104
 , the BEs for (H2O)3 are 31.9±1.8 kJ/mol for breaking two H-Bonds and 
46.4±0.2 kJ/mol for breaking three H-Bonds
104
 ;  
b
CCSD(T)/MP2 with aug-cc-pVDZ;
 c
B3LYP/ωB97X-D with aug-cc-pVQZ; 
d
CCSD(T) with CBS. 
  
Experimental H2O Binding Energy of M
+
(H2O)nAr 
clusters 
  
  
  
  
  
a
Calculated H2O Binding Energy of 
neutral water clusters, (H2O)n 
  
  
  
  
  
Experimental Bind Energy of Protonated 
water clusters, H3O
+
(H2O)n 
  Li Na K Rb
93
 Cs
93
 
b
Miliordos 
et al.
105
 
c
Cobar et 
al.
106
 
d
Temelso et 
al.
107
 
Lau et 
al.
108
 
Meot-Ner et 
al.
109
 
Dalleska et 
al.
110
 
n=3 >75 ~52.7 44.0-48.1 41.9-48.5 43.0-53.8 46.2/46.4 40.5/45.1 44.7 74.8 (4.2) 73.6 (4.2) 69.8 (5.4) 
n=4 >60 50.3-52.2 44.5-51.1 47.2-49.1 <40.9 51.0/51.8 48.5/51 48.9 53.1 (4.2) 48.1 (4.2) 53.1 (5.9) 
n=5 53.8-58.6 46.9-50.7 <44.6 >38.9 >40.5 37.2/37.8 36.4/35.5 36 48.5 (4.2) 46.4 (4.2) 51.0 (7.5) 
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4.3.1 M+(H2O)3Ar 
The IRPD spectra of Li
+
(H2O)3Ar monitoring [Ar] and [Ar+H2O] dissociation channels 
were recorded and the [Ar] dissociation channel spectrum was consistent with those reported by 
Miller et al.
63
 and Rodriguez et al.
72
 The major contributor is the L3a conformer with no 
hydrogen bonds and the minor contributor is the L3b conformer with hydrogen bonds between 
two first shell H2O molecules and one second shell H2O molecule. The spectral features from the 
hydrogen bonded water subunit observed in L3b conformer are referred to as the bent hydrogen 
bonded OH stretches.
62,63,66,72
 
To access the [Ar+H2O] dissociation channel, a Li
+
(H2O)3Ar structural conformer must 
possess more energy than the combined binding energy of Ar and H2O. The total energy has 
three components: the conformational potential energy, the nascent thermal vibrational energy 
(hereafter simply vibrational energy) and the energy imparted by absorbing an infrared photon. 
That total energy (where absorption of the infrared photon provides the equivalent of up to 45 
kJ/mol of energy) is thus 53.9 kJ/mol and 82.6 kJ/mol for the L3a and L3b conformers, 
respectively. Since no spectral features were observed in the [Ar+H2O] dissociation channel, the 
combined binding energy for Ar and H2O has to be greater than 82.6 kJ/mol (the threshold for 
the observed L3b conformer) and thus the H2O binding energy has to be greater than 75.0 kJ/mol. 
This is consistent with the computational data reported in Table 4.1. 
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Figure 4.4. IRPD spectra of Na
+
(H2O)3Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for three structural conformers reproduced from Miller et al.
63
 The IRPD cross section of the [Ar+H2O] channel is 
scaled to make the free OH stretch at 3720 cm
-1
 for the IRPD spectra in both channels similar. 
The IRPD spectra and comparison with calculated spectra of Na
+
(H2O)3Ar are shown in 
Figure 4.4. The major spectral features at 3640 cm
-1
 and 3720 cm
-1
 can be assigned to the 
symmetric and antisymmetric OH stretching modes of the global minimum energy N3a 
conformer.
63
 The symmetric OH stretching feature in the [Ar+H2O] dissociation channel is more 
intense compared to the antisymmetric OH stretching feature in the same channel. As the 
symmetric stretching motion of the H2O molecule and the dissociation of H2O are both coupled 
along with the cation-H2O bonding axis, we suggest that the enhanced spectral intensity of the 
symmetric may be due to the kinetic coupling. This mechanism of coupling between 
intermolecular and intramolecular degrees of freedom has been postulated to varying degrees in 
other systems.
111–113
 We also note that similar disagreements between intensities of single 
dissociation channel spectra and calculations have been observed in many weakly bound 
molecular complexes
114
 and cluster ions.
112
 
The energies required to access [Ar] and [Ar+H2O] dissociation channels are 7.1 kJ/mol 
and 72.5 kJ/mol, respectively (see Table 4.2). At the estimated temperature of 125 K, N3a 
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conformer has ~8.7 kJ/mol of vibrational energy. By absorbing a photon with an energy 
equivalent of up to 44 kJ/mol of energy (~3650 cm
-1
), the maximum total internal energy 
available to the N3a conformer is 52.7 kJ/mol, which falls short of the energy threshold for 
[Ar+H2O] dissociation. This suggests that the ab initio calculations may have overestimated the 
combined binding energies of Ar and H2O. Our previous cluster energy analysis
93
 demonstrated 
that the internal energy of cluster formed via evaporation of argon has a Gaussian distribution 
profile, and the full width half maximum (FWHM) of the internal energy distribution, 
intrinsically depend upon the binding energy of Ar.
54
 Therefore, we expect 5% (1/20th based on 
the relative intensity of the two loss channels) of the cluster ions in the cluster ensemble could 
have an extra 7.1 kJ/mol of internal energy (59.8 kJ/mol in total, but still short of the required 
72.5 kJ/mol as noted above). This suggests that the H2O binding energy should be ~52.7 kJ/mol, 
a value significantly lower that theoretical and previous experimental values listed in Table 4.1. 
 
 
Figure 4.5. IRPD spectra of K
+
(H2O)3Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers reproduced from Miller et al.
63
 The IRPD cross section of the [Ar+H2O] channel is 
scaled to make the free OH stretch at 3710 cm
-1
 for the IRPD spectra in both channels similar. 
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The IRPD spectra and comparison with calculated spectra of K
+
(H2O)3Ar are shown in 
Figure 4.5. The calculated antisymmetric stretch of K3a is higher in frequency than the free OH 
stretches (approximately the average of the symmetric and antisymmetric stretch) that dominate 
for conformers K3b and K3c. The spectral feature at 3640 cm
-1
 and the twin spectral features at 
3540 cm
-1
 are assigned to the K3a conformer and the K3b conformer, respectively. The band 
near 3720 cm
-1
 has contributions from the antisymmetric OH stretch of K3a and the free OH 
stretches from K3b. The spectral features above 3740 cm
-1
 result from coupling of the 
antisymmetric OH stretch to rotational motion of the water molecule
115,116
 about the H2O 
symmetry axis, and have been identified in our previous studies of M
+
(H2O)1,2,3Ar (M = Li, Na, 
K, Rb, Cs) spectra.
63,66,75,76,93
  
At the estimated temperature of 125 K, K3a conformer has 9.8 kJ/mol of vibrational 
energy. By absorbing a photon at frequencies above 3630 cm
-1 
(equivalent to 43.7 kJ/mol), K3a 
conformer barely has enough energy to access the [Ar+H2O] dissociation channel (requires 53.8 
kJ/mol, see Table 4.2). On the other hand, K3b conformer has 7.1 kJ/mol of total internal energy. 
Thus, the K3b conformer needs to absorb a photon with a frequency greater than 3900 cm
-1
 (or 
more than 46.7 kJ/mol of energy) to access the [Ar+H2O] dissociation channel, which is greater 
than the energy provided by photons in the OH stretching region (3300 cm
-1
 to 3800 cm
-1
). 
Therefore, the symmetric OH stretching feature from the K3a conformer appears in the [Ar+H2O] 
dissociation channel, but the bent hydrogen bonded OH stretching feature from K3b conformer 
does not. The appearance of the K3a features as well as the absence of the K3b features in the 
[Ar+H2O] dissociation channel suggests that the H2O binding energy is bracketed between 44.0 
kJ/mol and 48.1 kJ/mol. This binding energy is slightly on the low side of the most recent 
theoretical work as shown in Table 4.1.  
77 
  
4.3.2 M+(H2O)4Ar 
The IRPD spectra of Li
+
(H2O)4Ar in the [Ar] and [Ar+H2O] dissociation channels have 
been reported in our previous publication.
72
 The [Ar+H2O] dissociation channel spectra clearly 
revealed the existence of a high energy conformer, L4d, as is shown in Figure 4.1. This three-
coordinate structure, where the argon and two water molecules are in the first shell, indicates that 
the lithium cation exerts significant influence on the H2O network, creating this extended 
hydrogen-bonded system. While, this three-coordinate structure was not observed in the 
Rb
+
(H2O)4Ar and Cs
+
(H2O)4Ar systems,
93
 it was important to see if this three-coordinate 
structure could be observed in the IRPD spectra [Ar+H2O] dissociation channel of either 
Na
+
(H2O)4Ar or K
+
(H2O)4Ar. However, neither spectral evidence nor stable ab initio structures, 
equivalent to the Li
+
 L4d conformer, were found. 
 
Figure 4.6. IRPD spectra of Na
+
(H2O)4Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for three structural conformers reproduced from Miller et al.
63
 The IRPD cross section of the [Ar+H2O] channel is 
scaled to make the free OH stretch at 3715 cm
-1
 for the IRPD spectra in both channels similar. 
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The IRPD spectra and comparison with calculated spectra of Na
+
(H2O)4Ar are shown in 
Figure 4.6. Earlier work on this system found that the N4b conformer was the dominant species 
present under these conditions, a (slightly) trapped higher energy conformer, as was the case for 
Li
+
(H2O)4Ar.
63
 The intensity of spectral features at 3535 cm
-1
 and 3550 cm
-1
 from that conformer 
are reduced significantly in the [Ar+H2O] dissociation channel in contrast to the free OH stretch 
at 3710 cm
-1
.
63
 The photodissociation cross-sections in the [Ar+H2O] dissociation channel are 
significantly smaller than the cross-sections in the [Ar] loss channel. This indicates that the total 
energy for the N4b conformer at ~3550 cm
-1
 (50.4 kJ/mol, from the IR photon and internal 
energies, given in Figure 4.2) is sufficient to access the [Ar] but not the [Ar+H2O] dissociation 
channel, which require 5.4 kJ/mol and 60.0 kJ/mol, respectively (see Table 4.2).  Similar to the 
analysis for Na
+
(H2O)3Ar, we expect around 6% of the cluster ions (1/17
th
) in the cluster 
ensemble to have an extra 5.4 kJ/mol of internal energy, which provides ~13 kJ/mol of total 
internal energy for the N4b conformer. So it needs an additional 47 kJ/mol of energy to access 
the [Ar+H2O] dissociation channel, which is close to the energy provided by the IR photon at 
3710 cm
-1
 (~44.4 kJ/mol). This explains the relative strength of the free OH stretch and suggests 
that the total binding energy of Ar + H2O is close to 57.4 kJ/mol, which is less than the value of 
60 kJ/mol based on the ab initio calculations in Table 4.2. With a lower bound of 55.6 kJ/mol, 
from the sharp reduction of the spectral features near 3550 cm
-1
, the binding energy of H2O is 
expected to be between 50.3 kJ/mol and 52.2 kJ/mol, slightly less than the previous experimental 
and theoretical estimates in Table 1. 
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Figure 4.7. IRPD spectra of K
+
(H2O)4Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers reproduced from Miller et al.
63
 The IRPD cross section of the [Ar+H2O] channel is 
scaled to make the free OH stretch at 3705 cm
-1
 for the IRPD spectra in both channels similar. 
The IRPD spectra and comparison with calculated spectra of the K
+
(H2O)4Ar are shown 
in Figure 4.7. The twin spectral features at 3550 cm
-1
 are assigned to the bent hydrogen-bonded 
OH stretches of the K4a conformer, and the spectral feature at 3640 cm
-1
 is the symmetric OH 
stretch of the K4d conformer.
63
 The K4a conformer is believed to be the structurally favored 
conformer in the K
+
(H2O)4Ar cluster ensemble.  
Thermodynamic analysis explains the difference of the relative intensities between the 
bent hydrogen-bonded OH stretch features and the symmetric OH stretch feature in the two 
dissociation channels. Based on the results of the ab initio calculations (see Table 4.2), the 
energy thresholds for the [Ar] and the [Ar+H2O] dissociation are 4.6 kJ/mol and 52.5 kJ/mol, 
respectively. At the estimated temperature of 100 K, K4a and K4d conformers have 6.4 kJ/mol 
and 11.9 kJ/mol of internal energy, respectively. Therefore, the K4d conformer could access both 
the [Ar] and the [Ar+H2O] dissociation channels by absorbing a photon with the energy 
equivalent of 40.6 kJ/mol, i.e. >3370 cm
-1
. In contrast, the K4a conformer needs 46.1 kJ/mol of 
energy to access the [Ar+H2O] dissociation channel, corresponding to a photon >3830 cm
-1
. 
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Thus, the fraction of K4d conformers that possess enough energy to access the [Ar+H2O] 
dissociation channel in the OH stretching region is actually higher than K4a, which gives rise to 
the fact that the relative intensities of the bent hydrogen-bonded OH stretch and symmetric OH 
stretch are reversed in the [Ar+H2O] dissociation channel. The binding energy of H2O is between 
44.5 kJ/mol and 51.1 kJ/mol, based on this analysis, and is well within the range of most values 
reported in Table 4.1. 
4.3.3 M+(H2O)5Ar 
 
  
Figure 4.8. IRPD spectra of Li
+
(H2O)5Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for five structural conformers, four (L5a-L4c, L5e) are reproduced from Miller et al.
63
  
The IRPD spectra and comparison with calculated spectra of Li
+
(H2O)5Ar are shown in 
Figure 4.8, with multiple spectral features in both dissociation channels. The spectral features 
that appeared in the [Ar] dissociation channel below 3550 cm
-1
 are suppressed in the [Ar+H2O] 
dissociation channels. As is seen in Figure 4.8, the predominant spectral feature at 3540 cm
-1 
can 
be assigned to the overlapping bands of bent hydrogen bonded OH stretching modes originated 
from the L5a and/or L5b conformer. The spectral features at 3345 cm
-1
, 3400 cm
-1
, 3440 cm
-1
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and 3660 cm
-1
 can be assigned to newly identified L5d conformer; the spectral features at 3310 
cm
-1
, 3490 cm
-1
, 3580 cm
-1
 can be assigned to the L5e conformer. The L5e conformer has a first 
shell similar to the L5d structure, but with two second shell H2O molecules attached to two 
separate first shell H2O molecules through two linear hydrogen bonds. The spectral feature at 
3365 cm
-1
 likely originates from the linear hydrogen bonded OH stretch of L5b conformer.  
The assignment of these features in the 3300-3370 cm
-1
 range is somewhat tentative, 
since the L5b, L5d, and L5e structures all have single bands in this region. However, it is 
important to note that all three conformers possess linear hydrogen bonds extending out from a 
Li
+
(H2O)3 core. Coupling this observation with the additional small bands in the 3400-3500 cm
-1
 
region, it seems clear that there are at least three stable conformers (L5a is a possible fourth) 
present in the [Ar] channel. 
The calculated energies required to access the [Ar] and the [Ar+H2O] dissociation 
channels are 5.8 kJ/mol and 57.1 kJ/mol, (see Table 4.2), respectively. The L5b conformer has 
17.2 kJ/mol of internal energy and up to 59.6 kJ/mol of total energy by absorbing a photon at 
3540 cm
-1
. However, neither the linear nor the bent hydrogen bonded OH stretching features of 
the L5b conformer (both having sufficient energy) appeared in the [Ar+H2O] dissociation 
channel spectra, which places a lower limit of 53.8 kJ/mol on the H2O binding energy from the 
experiment.  
Other than the predominant free OH stretching mode feature at 3720 cm
-1
, there are only 
three weak, but identifiable features in the [Ar+H2O] dissociation channel, at 3580 cm
-1
, 3640 
cm
-1
 and 3660 cm
-1
. Based on the spectral analysis, the spectral feature at 3580 cm
-1
 comes from 
the L5e conformer and the spectral feature at 3660 cm
-1
 comes from the L5d conformer. The 
spectral feature at 3640 cm
-1
 could come from one or many of the located low lying structural 
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conformers with symmetric OH stretching modes. Since the L5d conformer and the L5e 
conformer have very similar vibrational plus conformational potential energies (22.0 kJ/mol and 
22.5 kJ/mol), the appearance of their spectral features in the high frequency region (> 3500 cm
-1
) 
and the disappearance of their spectral features in the low frequency region (< 3500 cm
-1
) 
indicates that at 3500 cm
-1
 (41.9 kJ/mol) we reach the energy threshold that determines whether 
L5d and the L5e conformer could access the [Ar+H2O] dissociation channel. Therefore, the total 
energy threshold to access the [Ar+H2O] dissociation channel for the L5e conformer has to be 
less than 64.4 kJ/mol, which places an upper limit on H2O binding energy of 58.6 kJ/mol. The 
range of binding energies, 53.8-58.6 kJ/mol, is reasonably consistent with the values listed in 
Table 4.1. 
  
Figure 4.9. IRPD spectra of Na
+
(H2O)5Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for four structural conformers, with three (N5a, N5c and N5g) reproduced from Miller et al.
63
 The IRPD cross 
section of the [Ar+H2O] channel is scaled to make the free OH stretch at 3705 cm
-1
 for the IRPD spectra in both 
channels similar. 
The IRPD spectra and comparison with calculated spectra of Na
+
(H2O)5Ar are shown in 
Figure 4.9. There are fourteen features in the [Ar] and seven features in the [Ar+H2O] 
dissociation channel spectra, indicating the presence of multiple structural conformers. The two 
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features between 3700 cm
-1
 and 3740 cm
-1
 in both dissociation channels are readily assigned to 
the free OH stretching modes. The three spectral features at 3465 cm
-1
, 3430 cm
-1
 and 3360 cm
-1
 
in the [Ar] channel spectra are remarkably similar, for both location and intensity, with the 
calculated spectral features of the newly identified N5b conformer at 3470 cm
-1
, 3430 cm
-1
 and 
3340 cm
-1
, and therefore are easily assigned. The spectral feature at 3680 cm
-1
 could also be 
assigned to N5b conformer. The global minimum energy N5a conformer should be the major 
contributor to the intense twin features at 3555 cm
-1
and 3540 cm
-1 
and the minor spectral feature 
at 3625 cm
-1
 in the [Ar] loss channel. The feature at 3650 cm
-1
 in the [Ar] channel is assigned to 
be the symmetric OH stretch that comes from H2O molecules that are not proton-donors (and 
present in all four conformers), as is verified in our previous studies.
63
  
The thermodynamic analysis is applied to support the spectral assignment made above. 
At the RRKM estimated temperature of 75 K, the average vibrational energy that all low-lying 
conformers possess is ~5 kJ/mol. The energy required to access the [Ar] and the [Ar+H2O] 
dissociation channels is 5.5 kJ/mol and 53.5 kJ/mol, (see Table 4.2), respectively. The N5a 
conformer does not possess enough energy to access the [Ar+H2O] dissociation channel. 
Therefore, the bent hydrogen bonded OH stretch feature is significantly suppressed in the 
[Ar+H2O] channel. The complete absence of the feature at 3360 cm
-1
 and the clear existence of 
the features at 3680 cm
-1
, associated with N5b conformer, indicates that the H2O binding energy 
should be between 46.9 kJ/mol and 50.7 kJ/mol. 
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Figure 4.10. IRPD spectra of K
+
(H2O)5Ar of [Ar] and [Ar+H2O] dissociation channels along with calculated spectra 
for three structural conformers, two (K5a and K5b) are reproduced from Miller et al.
63
 The IRPD cross section of the 
[Ar+H2O] channel is scaled to make the free OH stretch at 3705 cm
-1
 for the IRPD spectra in both channels similar. 
The IRPD spectra and comparison with calculated spectra of K
+
(H2O)5Ar are shown in 
Figure 4.10. There are two spectral features in both the [Ar] and [Ar+H2O] dissociation channels. 
These features can be assigned to the K5b conformer, since vibrational transitions at ~3550 cm
-1
 
are usually associated with bent hydrogen bonded OH stretching modes.
62,63,66
 The spectral 
features associated with a cyclic water tetramer network (like K5a) in Rb
+
(H2O)5Ar and 
Cs
+
(H2O)5Ar are below 3450 cm
-1
,
93
 and predicted for K
+
(H2O)5Ar to be at 3485 cm
-1
. Therefore 
it is unlikely that the K5a conformer has significant contribution to the spectral features at ~3550 
cm
-1
. The absence of K5a is likely due to kinetic trapping in the formation of K
+
(H2O)5Ar, from 
the collision of K
+
 with a cold (H2O)5 embedded in a large cluster of argon. To form the K5a 
configuration from K
+
 and a cold cyclic water pentamer would require a collision that would 
break two H-bonds in the water pentamer simultaneously to remove one water, inserting the 
cation, then reattaching the ends of the water tetramer to form the cyclic subunit.  The energy 
required to break two hydrogen bonds from the cyclic water clusters can be estimated from the 
data in Table 3. For the cyclic tetramer and pentamer, the loss of water involves breaking two 
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hydrogen bonds and reforming one, while for the cyclic trimer, the loss of water involves only 
the breaking of two hydrogen bonds. By assuming that the energy per hydrogen bond for the 
cyclic trimer is ~ 22 kJ/mol, and using this datum for the loss of water for the cyclic tetramer, the 
energy per hydrogen bond is higher, ~35 kJ/mol, as the tetramer has less strain in the ring. 
Continuing the same analysis for the pentamer, the energy per hydrogen bond remains ~ 35 
kJ/mol. So the energy barrier for the first step in the process to form K5a, breaking two hydrogen 
bonds, would be ~ 70 kJ/mol, which makes this pathway unlikely. From molecular dynamics 
perspective, it is more likely that the K
+
 breaks two H-bonds sequentially, each step requiring 
about 35 kJ/mol, some of which could be regained as the ion is hydrated, forming water dimer 
and water trimer fragments (like K5e configuration in Figure 4.3), which can then rearrange to 
the lower energy K5b tetrahedral configuration, increasing the ion-water interaction to four in 
number. The configuration of K5c, identified in Li
+
(H2O)5Ar and Na
+
(H2O)5Ar spectra, is not 
observed.  
At the RRKM estimated temperature of 50 K, the K5b conformer possesses ~7.8 kJ/mol 
of internal energy. The spectral features above 3500 cm
-1
 (41.9 kJ/mol) clearly surmount the 
[Ar+H2O] dissociation channel energy threshold, as is indicated by the intrinsic similarity 
between the spectral features in both dissociation channels. This suggests that the H2O binding 
energy has to be less than 44.6 kJ/mol, which is at the lower end of the range of experimental 
and computed values in Table 4.1. It is somewhat remarkable that this species displays such 
simple and essentially identical IRPD spectra in both fragmentation channels, when one 
considers the richness of the spectra for the lithium and sodium species. Molecular dynamics 
simulations predicted that the hydration number for K
+
 is 4.01.
18
 This agrees very well with 
dominant K5b configuration, with four water molecules in the 1
st
 hydration shell.  
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4.3.4 Comparisons between M+(H2O)nAr, n=3-5, for the Alkali Ions 
  
 
Figure 4.11. IRPD spectra of M
+
(H2O)3Ar (M = Li, Na, K, Rb and Cs) of the [Ar] dissociation channel and 
assignment to specific conformers. The IRPD spectra of the Li
+
(H2O)3Ar is reproduced from Rodriguez et al.
72
 The 
IRPD spectra of the Rb
+
(H2O)3Ar and the Cs
+
(H2O)3Ar are reproduced from Ke et al.
93
 The red arrows depict 
spectral features assigned to the 3+0 configuration. The blue arrows depict spectral features assigned to the 2+1 
configuration. The spectra are scaled to give the antisymmetric/free OH stretching features at ~3710 cm
-1
 the same 
intensity. 
The IRPD spectra of the M
+
(H2O)3Ar (M = Li, Na, K, Rb and Cs) clusters are illustrated 
in Figure 4.11. The major structures characterized in the M
+
(H2O)3Ar clusters are the 3+0 (three 
H2O in the 1
st
 hydration shell and zero H2O in the 2
nd
 hydration shell) and the 2+1 (two H2O in 
the 1
st
 hydration shell and one H2O in the 2
nd
 hydration shell) configuration. For the Li
+
(H2O)3Ar 
and the Na
+
(H2O)3Ar clusters, the 3+0 configuration is the dominant configuration, despite 
minor contributions from the 2+1 configuration. This indicates the dominance of electrostatic 
over hydrogen bonding interactions for Li
+
 and Na
+
. For the K
+
(H2O)3Ar cluster, although the 
3+0 configuration is still favored, the increased intensity of the twin spectral feature at 3540 cm
-1
, 
which originated from the 2+1 configuration, compared with Li
+
(H2O)3Ar and Na
+
(H2O)3Ar 
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indicates that the 2+1 configuration is more strongly represented in the K
+
(H2O)3Ar cluster 
ensemble. This trend continues for Rb
+
(H2O)3Ar, indicating even higher contribution from 2+1 
configuration. However, with Cs
+
(H2O)3Ar cluster, the 2+1 configuration becomes the dominant 
configuration, which hydrogen-bonding interactions dominate over ion-water electrostatic 
interactions at this level of hydration. 
A gradual red shift of the antisymmetric/free OH stretching feature from Li
+
 to Cs
+
 was 
observed. It is mainly due to the various conformer contributions to different systems, as the 
antisymmetric OH stretches from 3+0 configuration, predominant in Li
+
 and Na
+
, are predicted 
to be higher in frequency (refer to Figure 4.4 and 4.5) compared to the free OH stretches from 
2+1 configuration that only exists in K
+
, Rb
+
 and Cs
+
. Similar conformer contribution behavior is 
also observed at the hydration level of four (refer to Figure 4.12), especially between Rb
+
 and 
Cs
+
.
93
  
Since the symmetric OH stretching feature originates predominantly from the 3+0 
configuration, which has no hydrogen-bonding interactions, the magnitude of this frequency shift 
can be quantitatively related to the magnitude of the interactions between cation and symmetric 
OH stretching motion. The symmetric feature has the largest shift to lower frequency for K
+
, 
which indicates that the interaction with K
+
 has the most impact on this mode. For kosmotropes 
(Li
+
 and Na
+
), the magnitude of this cation-symmetric OH stretching interaction increases as the 
cation ionic radius increases. This trend is reversed for chaotropes (K
+
,  Rb
+
 and Cs
+
), as the 
interaction becomes weaker with increasing cation ionic radius. However, different trends were 
observed in M
+
(H2O)1Ar and M
+
(H2O)2Ar spectra, where the symmetric feature has the smallest 
shift to lower frequency for K
+
.
63,76
 This suggests that the degree of hydration also plays a role in 
the delicate interplay between cation and waters. The importance of hydration number has been 
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noted in the selectivity of potassium ions by the KcsA ion channel. For equal coordination 
numbers, replacing a water by a carbonyl group, enhances the selectivity of K
+
 over Na
+
.
88 
 
Figure 4.12. IRPD spectra of M
+
(H2O)4Ar (M = Li, Na, K, Rb and Cs) of the [Ar] dissociation channel and 
assignment to specific conformers. The IRPD spectra of the Li
+
(H2O)4Ar is reproduced from Rodriguez et al.
72 
The 
IRPD spectra of the Rb
+
(H2O)4Ar and the Cs
+
(H2O)4Ar are reproduced from Ke et al.
93
 The red arrows depict 
spectral features assigned to the 4+0 C4 configuration. The blue arrows depict spectral features assigned to the 3+1 
configuration. The spectra are scaled to give the antisymmetric/free OH stretching features at ~3700 cm
-1
 the same 
intensity. 
The IRPD spectra of the M
+
(H2O)4Ar (M = Li, Na, K, Rb and Cs) clusters are presented 
in Figure 4.12. As compared with the M
+
(H2O)3Ar clusters, the additional H2O facilitates the 
water-water hydrogen-bonded interactions, as all of the existing structural configurations contain 
multiple hydrogen bonds. The predominant structural conformers in the Li
+
(H2O)4Ar, 
Na
+
(H2O)4Ar, K
+
(H2O)4Ar and Rb
+
(H2O)4Ar cluster ensembles are the 3+1 (three H2O in the 1
st
 
hydration shell and one H2O in the 2
nd
 hydration shell) configuration. From K
+
(H2O)4Ar to 
Cs
+
(H2O)4Ar spectra, one can notice the attenuation of the twin spectral features at 3540 cm
-1
, 
corresponding to the 3+1 configuration. There is a clear structural transition between 
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Rb
+
(H2O)4Ar and Cs
+
(H2O)4Ar, as the 4+0 C4 (four H2O in the 1
st
 hydration shell forming a 
cyclic water tetramer subunit) configuration becomes dominant in the Cs
+
(H2O)4Ar cluster 
ensemble. This provides direct evidence that the hydrogen-bonding interactions become 
dominant for larger cations with lower charge density. It should also be noted that the 
polarizability of Cs
+
 is substantial (2.35 Å
3
), intermediate between F
-
 (1.56 Å
3
) and Cl
-
 (4.17 
Å
3
).
117 
These two anions hydrate differently in the gas-phase, where F
-
 is symmetrically 
hydrated
118 
and at the center of the cluster, while Cl
-
 sits on the surface of the water cluster.
119 
This suggests that the polarizability of Cs
+
 (the polarizability of the other alkali cations are all 
smaller than F
-
) might also be a factor. 
As is shown in Table 4.3, the experimental H2O binding energies of M
+
(H2O)4Ar (M=Na, 
K and Rb) clusters are very close (all ~50 kJ/mol). This is again consistent with their similar 
structures from the spectral analysis. The experimental H2O binding energy of Cs
+
(H2O)4Ar is 
only ~40 kJ/mol (see Table 4.3), which indicates much weaker electrostatic interaction between 
the ion and the water. In contrast, the H2O binding energy of the neutral (H2O)4 cluster with the 
cyclic tetramer configuration is ~ 49 kJ/mol, which is much higher than the H2O binding energy 
of Cs
+
(H2O)4Ar. This leads to the preference for water---water interactions in the Cs
+
(H2O)4Ar 
system, giving rise to the cyclic water tetramer configuration. 
90 
  
 
Figure 4.13. IRPD spectra of M
+
(H2O)5Ar (M = Li, Na, K, Rb and Cs) of the [Ar] dissociation channel and 
assignment to specific conformers. The IRPD spectra of the Rb
+
(H2O)5Ar and the Cs
+
(H2O)5Ar are reproduced from 
Ke et al.
93
 The red arrows depict spectral features assigned to the 4+1 configuration. The blue arrows depict spectral 
features assigned to the 3+1+1 configuration. The orange arrows depict spectral features assigned to the 5+0 C5 
configuration. The green arrows depict spectral features assigned to the 5+0 C4 configuration. The spectra are scaled 
to give the antisymmetric/free OH stretching features at ~3700 cm
-1
 the same intensity. 
The IRPD spectra of the M
+
(H2O)5Ar (M = Li, Na, K, Rb and Cs) clusters are illustrated 
in Figure 4.13. Compared with M
+
(H2O)4Ar clusters, more structural conformers were identified 
in the spectra of  M
+
(H2O)5Ar clusters. This indicates multiple minima on the potential energy 
surface reflecting the extensive interplay between ion-water electrostatic and water-water 
hydrogen bonding interactions. The only ubiquitous configuration in all of the M
+
(H2O)5Ar 
clusters is the 4+1 (four H2O in the 1
st
 hydration shell and one H2O in the 2
nd
 hydration shell) 
configuration, where all of the ions have four H2O molecules in tetrahedral configuration in the 
first shell, and the fifth H2O is secured by hydrogen bonds to two first shell waters.  
Molecular dynamics simulations for cation---water interactions predicted the first 
maxima of the cation-oxygen radial distribution function at 1.95 Å for Li
+
, 2.45 Å for Na
+
, 2.8 Å 
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for K
+
, 2.9 Å for Rb
+
 and 3.05 Å for Cs
+
,
82
 reflecting the relative sizes of the ions. Similar MD 
simulations for water at the same level of theory give the first maxima of the oxygen-oxygen 
radial distribution function at 2.75 Å.
120
 This reinforces the concept that water---water 
interactions are disrupted by kosmotropes (Li
+
 and Na
+
), but potentially enhanced for chaotropes 
(Rb
+
 and Cs
+
). The difference in the distributions for the K
+
---water and water---water 
interaction is very small, therefore one can envision K
+
 behaving more or less like a H2O when 
interacting with other H2O molecules. This is consistent with the trend observed in water 
ordering around ions (average number of water---water hydrogen bonds), hydration number, 
thermodynamic properties and the Hofmeister effect from Monte Carlo simulations.
18
   
From the IRPD spectra, the kosmotropes (Li
+
 and Na
+
) clearly disturb the hydrogen 
bonding interactions between water molecules, forming more open and extended hydrogen 
bonded networks. The chain structure with water in the third shell was first observed in 
Li
+
(H2O)4Ar,
72
 and a similar configuration, the 3+1+1 (three H2O in the 1
st
 hydration shell, one 
H2O in the 2
nd
 hydration shell and one H2O in the 3
rd
 hydration shell) was identified for 
Li
+
(H2O)5Ar and Na
+
(H2O)5Ar in this work. Note that these favored structures have a planar 
configuration of the ion and the three oxygen atoms. On the other hand, chaotropes (Rb
+
 and Cs
+
) 
clearly assist the interactions between waters, as the cyclic hydrogen bonded water tetramer and 
water pentamer subunit were only identified in the Rb
+
(H2O)5Ar and the Cs
+
(H2O)5Ar cluster 
ensembles. These favored structures have a coordination number greater than four, which agrees 
with the predictions from molecular dynamics simulations.
18
 The potassium ion, with its 
remarkably simple spectrum, is at the transition between the electrostatic ion-dominated 
interactions for Li
+
 and Na
+
 and the hydrogen bonding-dominated interactions for Rb
+
 and Cs
+
, 
as only the ubiquitous tetrahedral 4+1 configuration appears. The diffusion constants of Na
+
, K
+
, 
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and water also offer some insight. Water and K
+
 have similar values of 2.22 x 10
-5
 cm
2
/sec
121
 and 
1.95 x 10
-5
 cm
2
/sec,
122
 respectively, while the value for Na
+
, 1.33 x 10
-5
 cm
2
/sec, is smaller.
123
 
This is another piece of evidence of how the properties of the potassium ion are more compatible 
with water, in contrast to the other alkali metal ions.  
These observations provide direct support for the remarkable ability of the potassium ion 
to move at near-diffusion rates through the many K
+
 channels,
15
 where the predominant Na
+
 is 
blocked. The single configuration of waters about K
+
(H2O)5Ar is a strong indication of the 
unique role that K
+
 plays relative to the other alkali cations, and may reflect another 
manifestation of its special role in biological systems.  
4.4  Concluding Remarks 
Systematic spectral analysis of the IRPD spectra of the [Ar] and the [Ar+H2O] 
dissociation channels with thermodynamic analysis of the structural conformers provide 
unambiguous assignments of structural conformers in the M
+
(H2O)nAr (M= Li, Na and K; n = 3-
5) cluster ensembles. This allows for the quantitative characterization of structural transitions for 
the entire set of alkali metal cations and reflects the competition between cation---water 
electrostatic interaction and water---water hydrogen bonding non-covalent interactions with both 
cation charge density and level of hydration.  
At the hydration level of three, the dominant interaction clearly shifts from cation---water 
interaction for Li
+
 and Na
+
 to water---water interaction for Cs
+
. Both interactions compete with 
K
+
 and Rb
+
. At the hydration level of four, the cluster ion structures are consistent except for Cs
+
. 
This enables us to quantitatively characterize the structural transitions in terms of the 
experimentally estimated H2O binding energies. The relatively lower H2O binding energy for the 
Cs
+
(H2O)4Ar cluster (primarily the C4 configuration) compared with the neutral (H2O)4 clusters 
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indicates that water---water hydrogen bonding interactions are favored in the Cs
+
(H2O)4Ar 
cluster ensemble. At the hydration level of five, numerous configurations are stable. For the first 
time, a clear structural transition between kosmotropes (Li
+
 and Na
+
) and chaotropes (Rb
+
 and 
Cs
+
) was experimentally observed, as the kosmotropes favor extended hydrogen-bonded 
configurations and the chaotropes favor cyclic hydrogen-bonded configurations. This structural 
transition is also consistent with transitions observed in many other physical and thermodynamic 
properties. While traditionally considered as chaotrope, K
+
 appears to be more neutral with its 
impact on the structure of water, enabling it to move with relative ease between aqueous and 
biological environments. In addition, the trend of structural transitions as well as varying 
interplays between the cation and water at different hydration levels clearly suggests that the 
whole notion of kosmotropes and chaotropes should be reconsidered as dependent upon degree 
of hydration or in a more general context, the degree of coordination. 
This study further verifies that the competition between non-covalent interactions is the 
predominant driving force in determining the structures of the hydrated alkali metal cations at 
specified hydration levels and effective temperatures. The analysis of the structural transitions 
and thermodynamic properties should prove useful as a foundation in modeling more 
complicated chemical and biochemical processes, especially the K
+
/Na
+
 channels. The combined 
spectral and thermodynamic analyses also revealed that the binding energies of water for smaller 
cluster ions, i.e. Na
+
(H2O)3Ar and Na
+
(H2O)4Ar appear to be overestimated at current levels of 
calculation. While the reason for this overestimation is not clear, higher level calculations with 
larger basis sets and/or a more complete treatment of configuration interaction may be required 
to achieve consistency with experimental range of water binding energies presented in this work.  
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Based on the experimental H2O binding energy analysis of this study and earlier study,
58
 
the cumulative water binding energy difference of M
+
(H2O)4 → M
+ 
+ 4H2O for Na
+
 and K
+ 
is ~ 
10 kcal/mol, much lower than the theoretical value (~18 kcal/mol) predicted by the quantitative 
thermodynamic model of the K
+ 
selective channel.
88
 Therefore, taking into account the lack of 
definitive experimental estimate of the ion---ligand and ligand---ligand interactions, the 
thermodynamic model of the K
+ 
channel should be viewed with some caution. 
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4.6  Supporting Material 
 
 
Figure 4.14. The laser power (fluence) dependence of the free OH stretches of the Na
+
(H2O)nAr systems in the 
[Ar+H2O] fragmentation channel. The uncertainty of the data is ~25%. 
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Chapter 5: Influence of Hydration on Ion-Biomolecule Interactions: 
M
+
(Indole)(H2O)n (M = Na, K; n = 3-6)
1
 
5.1  Introduction 
With the successful establishment of the hydration mechanisms and thermodynamics for 
the entire group of alikali metal cations, we have obtained substantial insight of the interplay of 
noncovalent interactions in cation-water complexes. We propose to take one step forward and 
systematically investigate the hydration structures and mechanisms in cation-water-biomolecule 
complexes, which are much more relevant to real biological and physiological systems, but more 
challenging for quantitative study.   
The competition between various noncovalent interactions, such as van der Waals, 
electrostatic and hydrogen bonding interactions, plays a key role in determining the hydration 
structures and thermodynamic properties of biologically relevant molecules in biological 
media.
1–9
 The properties of biologically relevant molecules are closely related to their often 
unique biological functionalities. Systematic characterization of the hydration structures and 
thermodynamic properties of biomolecules in a biologically relevant medium has long been a 
challenge. Water can interact either with different functional groups within biomolecules, or with 
ions (K
+
, Na
+
, Cl
-
 and etc.) and other water molecules in intra- or extracellular fluid. The 
ordering of such interactions is largely affected by charge density of the ion, ion concentrations, 
as well as the effective temperature.
10
 In order to quantitatively understand how noncovalent 
interactions affect the hydration of biomolecules, simple biomolecules with fewer functional 
                                                          
1
 This Chapter is reproduced in part from the publication in preparation Ke, H. and Lisy, J. M. Influence of 
Hydration on Ion-Biomolecule Interactions: M
+
(Indole)(H2O)n (M = Na, K; n = 3-6). Phys. Chem. Chem. Phys. 
Unpublished work copyright 2015. Royal Science Society. Reproduced by permission of the PCCP Owner Societies.  
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groups are often chosen as tractable models for studying the hydration of more complex 
biomolecules with additional functional groups.
10–14
 
Indole is one of the most important tractable models, as the indole moiety is found in 
many important, biologically relevant molecules, such as the neurotransmitter, serotonin,
15,16
 its 
precursor tryptophan, the pineal hormone, melatonin,
17,18
 the anticancer drug, indole-3-
carbonal,
19–22
 and antitumor agents, the arylthioindoles.
23
 More recently, indole was also found 
to be an intercellular signal molecule, regulating various aspects of bacterial physiology.
24
 The 
alkali cationized indole water cluster is a perfect system for the quantitative and systematic study 
of the hydration structures of ion-biomolecules complexes as a result of competition and 
cooperation of noncovalent interactions. Cation-water and cation-indole electrostatic interactions 
can be adjusted by introducing monovalent cations with varying charge densities; the hydrogen 
bonding interactions, between water molecules and between water and indole, can be modulated 
by varying the level of hydration of ion-biomolecules complexes. 
Water molecules can interact with either the N-H group of the indole molecule to form an 
σ hydrogen bond or with the aromatic π electron cloud of iodole molecule to form a π hydrogen 
bond. In the indole(H2O)1 dimer, the σ hydrogen bonding interaction was verified as the favored 
interaction by both simulations and experiments.
25
 In indole(H2O)n≥2 complexes, a hydrogen-
bonded water dimer bridge formed between water molecules interacting with the two different 
H-bonding sites of indole.
25
 The interactions between K
+
/Na
+
 and indole, with a binding energy 
of ~25 kcal/mol,
14,26–28
 are on the same order of electrostatic interactions between K
+
/Na
+
 and 
H2O,
14,29
 and much stronger than the σ or π interactions between H2O and indole, which have 
binding energies of less than 10 kcal/mol.
14,25
 An earlier infrared photodissociation (IRPD) and 
ab initio study revealed that configurations in which the cation directly interacts with both indole 
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and H2O molecules were favored in K
+
(indole)(H2O)n clusters with up to two H2O,
14
 as is shown 
in Figure 5.1. It was further revealed that water-water hydrogen bonding interactions occurred in 
systems with more than two water molecules.
14
 However, due to the lack of computation power 
and a fundamental understanding of the hydration structures of monovalent cations, the IRPD 
spectral features of K
+
(indole)(H2O)n with n ≥3 were not definitively assigned.
14
 Another 
challenge to the IRPD spectral analysis of the indole-cation-water complex is the intrinsic 
overlap of H-bonded OH stretches and H-bonded NH stretches that has been encountered in a 
wide range of systems.
30–37
 A more recent theoretical study of cation-indole-water complexes 
with up to six H2O suggested additional potential configurations, in which H2O molecules filled 
the first hydration shell of the cation, and the water-cation complex interacts with indole via π 
hydrogen bonds.
38
  
 
Figure 5.1. Identified predominant structural configurations of (A) K
+
(Indole)(H2O)1 and (B) K
+
(Indole)(H2O)2, 
reproduced from Miller et al.
14 
Monovalent cations-water interactions have been systematically studied using IRPD 
spectroscopy over the past decade.
24,39–44
 A recently established Multiple Channel Infrared 
Photodissociation (MC-IRPD) method has enabled researchers to quantitatively characterize the 
hydration structures of monovalent cations as functions of both charge density and hydration 
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level.
45,46 
Results showed that Na
+
 and K
+
 have remarkably different hydration structures up to a 
hydration level of five. Gibbs free energy analyses of hydrated cations
41,43
 and hydrated ion-
biomolecule complexes
36,47
 revealed that the effective temperature also has a significant effect 
upon the structural preference of such systems. Isotopic (H/D) analyses have been widely used to 
unravel closely overlapping spectral features.
48–53
 Therefore, we developed a comprehensive 
analysis method that combines IRPD spectra with ab initio calculations, Gibbs free energy 
calculations and isotopic (H/D) analysis, to systematically study the structures of cation-indole-
water complexes and to improve the models of hydration and other thermodynamic processes 
involving biologically relevant molecules.  
5.2  Computational and Experimental Details  
Ab initio calculations at B3LYP/6-31+G
*
 level were used to identify stable structural 
configurations, conformational energies and vibrational frequencies. Basis-set superposition 
errors (BSSE) were not corrected, as there is still no sound conclusion how BSSE corrections 
affect either harmonic frequencies or energies.
54,55
 The anharmonic scaling factor for OH 
vibrational frequencies (0.976) was derived by averaging the ratio of calculated frequencies of 
the symmetric and antisymmetric stretches of H2O at current level of calculation over 
experimentally observed values.
56
 The anharmonic scaling factors for NH vibrational frequencies 
(0.961 for Na
+
 cluster ions and 0.959 for K
+ 
cluster ions) were derived by comparing the 
experimentally observed free NH vibrational frequencies of Na
+
(Indole) dimer (at 3500 cm
-1
) 
and K
+
(Indole) dimer (at 3504 cm
-1
) with calculated frequencies of free NH vibration of 
Na
+
(Indole)/ K
+
(Indole) dimers at current level of calculations. Theoretical spectra were 
generated using Swizard program
57,58
 by applying an average Gaussian linewidth of 15 cm
-1
. 
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Gibbs free energies were calculated using molecular partition function from ab initio vibrational 
frequencies via thermo.pl PERL script.
59
 
The cluster ions in this study were generated and characterized in a custom-built triple-
quadrupole mass spectrometer that has been described in detail elsewhere.
42
 Alkali-metal ions 
are generated via thermionic emission from a homemade ion gun with a resistively heated 
tungsten filament coated with a NaCl/KCl-enriched molecular sieve paste. Neutral water indole 
clusters are generated by first passing argon carrier gas through a gas bubbler containing either 
H2O or D2O, blending the gas mixture with indole vapor (indole, with a MP ~53
 o
C, is contained 
in a sample holder heated to ~65 
o
C located just before the nozzle), and then expanding through a 
30
 
degree conical nozzle, maintained at ~65
 o
C, with a bore of 180 μm. The cations are imaged 
by a set of electrostatic lenses and collide perpendicularly with the fully expanded neutral cluster 
beam at an intersection point located approximately 3 cm from the tip of the nozzle, a point 
where the collisional cooling of the neutral beam has ceased. Therefore, the collision and 
hydration energies in the nascent cluster ions are dissipated solely via evaporative cooling, by 
losing the most labile ligands in the cluster ions.
60
 The cluster ions are mass selected by a 
quadrupole mass filter, and then interact with infrared photons along a 60 cm quadrupole ion 
guide. The infrared photons are generated by a tunable LaserVision OPO/OPA laser with 
energies of 2-5 mJ/pulse over the 2350-3800 cm
-1
 region, pumped by a 10 Hz Surelite II 
Nd:YAG laser with an 8 ns pulse width. Photo-fragmented species are mass selected by a second 
quadrupole mass filter, tuned to the H2O loss channel, and detected by a Channeltron electron 
multiplier detector. OPO/OPA laser scans through the OH/NH (3300 cm
-1
 to 3800 cm
-1
) and OD 
(2350 cm
-1
 to 2850 cm
-1
) stretching frequency regions are done at a step size of 3 cm
-1
 and the 
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IRPD spectra are generated after amplification and normalization by correcting for the laser 
fluence. 
5.3  Result and Discussion 
IRPD spectra of Na
+
(Indole)(H2O)3-6 and K
+
(Indole)(H2O)3-6  are shown in Figure 5.2 and 
Figure 5.3, respectively, with the spectral assignments given in Table 5.1. Overall, the spectra 
look very similar for Na and K at the hydration levels of 3 and 6, indicating that Na and K 
systems share similar contributing conformers, but spectral discrepancies at the hydration level 
of 4 and 5 suggest different dominant structural conformers. Detailed spectral assignments and 
structural analyses will be given at each specific hydration level accordingly. In order to 
definitively assign the spectral features and analyze the contributing structural conformers, a 
comprehensive analysis method combining the spectral comparison of IRPD spectra with ab 
initio theoretical spectra, and relative Gibbs free energy analysis is developed. Detailed 
discussion about the implementation of this analysis method is given in the M
+
(Indole)(H2O)3 
section and similar analyses were applied to the remaining cluster ions, accordingly. We have 
closely examined the structural configurations of Na
+
/K
+
(Indole)(H2O)n cluster ions presented in 
a recent theoretical paper by Shakourian-Fard et al.
38
 Their minimum energy configurations for n 
≤ 3 are consistent with the results published in our earlier work14 and in this work; for n ≥ 4, 
however, their simulations seemed focused on a restricted subset of configurations and did not 
necessarily include the actual minimum energy configurations. The effective temperatures of 
cluster ions can be deduced using RRKM-EE formulism.
41,60
 Previous studies have shown that 
the effective temperatures of cation-biomolecule-water complexes are in the 250-300 K 
range.
14,35–37
 Isotopic (H/D) analyses were applied to M
+
(Indole)(H2O)5,6 clusters to facilitate 
spectral analysis and will be discussed in detail in corresponding sections. 
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Figure 5.2. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)n=3-6. The spectral features with 
asterisk marks originate from free NH stretching motions of indole molecule.  
 
 
 
110 
  
  
Figure 5.3. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)n=3-6. The spectra of 
K
+
(Indole)(H2O)n=3-5 are reproduced from Miller et al.
14
 The spectral features with asterisk marks originate from free 
NH stretching motions of indole molecule. 
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Table 5.1. Summary of spectral assignments of Na
+
/K
+
(Indole)(H2O)n=3-6 cluster ion complexes 
Cluster Frequency (cm-1) mode 
 
Cluster Frequency (cm-1) mode 
Na+(Indole)(H2O)3 3504 NH free K
+(Indole)(H2O)3 3464 OH π-pyrrole/linear 
 
3560 OH π-benzo 
 
3502 NH free 
 
3644 OH sym. 
 
3553 OH π-benzo/bent 
 
3715 OH asym./free 
 
3643 OH sym. 
    
3707 OH asym./free 
 
Na+(Indole)(H2O)4 3474 OH π-pyrrole 
 
K+(Indole)(H2O)4 3466 OH π-pyrrole 
 
3507 NH free 
 
3497 NH free 
 
3540 OH bent 
 
3574 OH bent 
 
3561 OH bent 
 
3646 OH sym. 
 
3650 OH sym. 
 
3709 OH asym./free 
 
3718 OH asym./free 
   
 
Na+(Indole)(H2O)5 3413 OH linear 
 
K+(Indole)(H2O)5 3429 
OH extent-
linear/pentamer 
 
3472 OH π-pyrrole 
 
3490 OH π-pyrrole 
 
3507 NH free 
 
3510 NH free 
 
3549 OH bent 
 
3562 OH bent 
 
3712 OH asym./free 
 
3711 OH asym./free 
 
Na+(Indole)(H2O)6 3510 NH free  K
+(Indole)(H2O)6 3508 NH free 
 3718 OH asym./free   3708 OH asym./free 
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5.3.1 M+(Indole)(H2O)3 
At hydration level of 3, the IRPD spectra for Na and K are very similar, indicating that 
the major spectral contributors are the same or very similar conformers. The weak but notable 
feature in the K spectrum at 3465 cm
-1
 was not observed in the Na spectrum, suggesting that 
there could be additional structural conformers in the K
+
(Indole)(H2O)3 cluster ion ensemble. As 
is illustrated in Figure 5.5, the relative Gibbs free energies of Na
+
(Indole)(H2O)3 conformers 
change dramatically as temperature varies from 0 to 400 K. At the effective temperature of 300 
K, the minimum energy conformer is the NaInW3_d conformer. In this configuration, Na
+
 
interacts with all three H2O molecules, forming a planar structure, which was observed in 
Na
+
(H2O)3Ar cluster ion.
42,46
 Na
+ 
also directly interacts with the five member pyrrole ring of the 
indole. One H2O molecule directly interacts with the six member benzo ring of the indole via a π 
hydrogen bond. As is illustrated in Figure 5.4, the theoretical spectrum of NaInW3_d conformer 
agrees well with the IRPD spectrum, indicating that NaInW3_d conformer is the major 
contributor of Na
+
(Indole)(H2O)3 cluster ion ensemble.   
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Figure 5.4. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)3, together with theoretical 
structures, spectra and relative Gibbs free energies (kJ/mol) at 0 K and 300 K (in parenthesis). The dotted line 
indicates the position of the free NH stretch. 
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Figure 5.5. Relative Gibbs free energies of Na
+
(Indole)(H2O)3 structural conformers as function of temperature.  
IRPD spectra together with possible structural conformers of K
+
(Indole)(H2O)3 are 
shown in Figure 5.6. The global minimum energy conformer at 300 K (by only a small margin) 
is the KInW3_a conformer, with K
+
 interacting directly with the benzo ring and no direct water 
indole interactions. Instead, the waters interact with each other, forming a bent type hydrogen 
bonded subunit. As both theoretical spectral features and relative energies (refer to Figure 5.7, at 
300 K) are intrinsically similar for KInW3_a and KInW3_b and KInW3_e conformers, all three 
conformers could possibly contribute to the K
+
(Indole)(H2O)3 ion cluster ensemble. The 
additional spectral feature at 3464 cm
-1
 could come either from the linear type hydrogen bonded 
OH stretch from the KInW3_c conformer, or from the π interactions between water and the 
pyrrole ring of indole in the KInW3_d conformer. Nevertheless, the low intensity of the spectral 
feature at 3464 cm
-1 
indicated that whichever conformer, contributing to this feature, could only 
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be a minor structural conformer in the cluster ion ensemble. It is worth noting that there are no 
direct cation-indole interactions in the KInW3_d configuration. Instead, two water molecules 
interact with indole, forming two π hydrogen bonds, acting as a bridge that connects the indole 
with cation-water complex.  
 
Figure 5.6. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)3, together with theoretical structures, 
spectra and relative Gibbs free energies (kJ/mol) at 0 K and 300 K (in parenthesis). The dotted line indicates the 
position of the free NH stretch. 
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Figure 5.7. Relative Gibbs free energies of K
+
(Indole)(H2O)3 structural conformers as function of temperature.  
5.3.2 M+(Indole)(H2O)4 
Notable discrepancies were observed between the IRPD spectra of Na
+
(Indole)(H2O)4 
and K
+
(Indole)(H2O)4. The spectral features at ~3550 cm
-1
, which are usually associated with 
bent hydrogen bonded three-water subunit,
41,42,45,46 
are surprisingly broad in the 
Na
+
(Indole)(H2O)4 spectrum, indicating the contribution of multiple structural conformers. In 
contrast, the clear spectral feature (peak and shoulder) at ~3550 cm
-1 
 and substantial spectral 
intensity in the ~3470 cm
-1 
region for K
+
(Indole)(H2O)4 suggests that there is the bent water 
subunit and at least one additional structural conformer with a stronger OH hydrogen bond. This 
latter feature is also present in the Na
+
(Indole)(H2O)4 spectrum but much less pronounced.   
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Figure 5.8. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)4, together with theoretical 
structures, spectra and relative Gibbs free energies (kJ/mol) at 0 K and 300  K (in parenthesis). The dotted line 
indicates the position of the free NH stretch. 
As is illustrated in Figure 5.8, three low lying structural conformers as well as their 
theoretical spectra and energies are presented (For a detailed geometry survey and Gibbs free 
energy analyses, please refer to the supporting material at the end of this chapter). The 
NaInW4_a conformer is the global minimum energy conformer at 0 K. In this configuration, Na
+ 
directly interacts with three first shell water molecules as well as with the benzo ring of indole 
via electrostatic interactions. One of the first shell water interacts with the pyrrole ring of indole 
through π hydrogen bonding interactions. A second shell water molecule, as a proton acceptor, 
interacts with two first shell water molecules,
 
forming a bent hydrogen bonded water subunit. 
The structural configuration of NaInW4_c conformer is very similar with that of the NaInW4_a 
conformer, with Na
+
 interacting with the pyrrole ring and water interacting with the benzo ring 
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of indole. Both structural conformers have intense spectral features corresponding to the bent 
hydrogen bonded water subunit at ~3550 cm
-1
 with slight differences in frequency. At the 
effective temperature of 300 K, the relative Gibbs free energy of NaInW4_c conformer is only 
about 2.2 kJ/mol higher than that of the NaInW4_a conformer, indicating that these two 
conformers most likely coexist and collectively give rise to the broadened spectral features at 
~3550 cm
-1
. The spectral feature at 3474 cm
-1
 in the IRPD spectrum would appear to arise from 
the NaInW4_b conformer, the global minimum energy conformer at 300 K. The cation-water 
complex in the NaInW4_b conformer has a tetrahedral configuration, with Na
+ 
sitting in the 
center and interacting directly with all four first shell water molecules. Two of the water 
molecules in the tetrahedral configuration interact with the benzo ring and the pyrrole ring of the 
indole respectively, forming two π hydrogen bonds, acting as a bridge that connects indole to the 
cation-water complex. The π hydrogen bond associated with the pyrrole ring is predicted to be 30 
cm
-1 
lower in frequency compared with the π hydrogen bond associated with the benzo ring; the 
predicted π hydrogen bond associated with the benzo ring, at ~3510 cm-1, overlaps with the free 
NH stretches, in the theoretical spectrum of NaInW4_b conformer (see Figure 5.8). 
119 
  
 
Figure 5.9. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)4, together with theoretical structures, 
spectra and relative Gibbs free energies (kJ/mol) at 0 K and 300 K (in parenthesis). The dotted line indicates the 
position of the free NH stretch. 
The spectral assignment of K
+
(Indole)(H2O)4 is illustrated in Figure 5.9 (For a detailed 
geometry survey and Gibbs free energy analyses, please refer to the supporting material at the 
end of the chapter). The KInW4_a conformer, with a very similar configuration to that of the 
NaInW4_a conformer, is the global minimum energy conformer at 0 K. The spectral features in 
the theoretical spectrum of KInW4_a conformer at ~ 3550 cm
-1
, from the symmetric and 
antisymmetric motions of the bent hydrogen bonded water subunit, agree very well with both the 
position and the shape of the spectral features at ~3574 cm
-1 
in the IRPD spectrum. Therefore, 
both spectral and energetic analysis lead to the KInW4_a configuration as the predominant 
configuration in the K
+
(Indole)(H2O)4 cluster ion ensemble. The spectral features at ~3470 cm
-1 
in the IRPD spectrum could come from either the KInW4_c or KInW4_d conformer. The 
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KInW4_c conformer has a bent type hydrogen bonded water subunit, with the K
+
 interacting 
with the benzo ring. A second shell water molecule interacts with two first shell water molecules 
as proton acceptor, and also interacts with the pyrrole ring via π hydrogen bonding interactions. 
The feature with the lowest frequency in the theoretical spectrum of the KInW4_c comes from 
the π hydrogen bonded OH stretch. The two spectral features at ~3500 cm-1 and at ~3540 cm-1 in 
the KInW4_c theoretical spectrum are the overlapped free NH stretch with the symmetric OH 
stretching motions of the bent hydrogen bonded water subunit, and the antisymmetric OH 
stretching motions of the bent hydrogen bonded water subunit. The KInW4_d conformer has a 
similar ion-water-indole bridging structural configuration with that of the NaInW4_b conformer 
discussed in the earlier section. Therefore, the spectral features at ~3466 cm
-1 
in the IRPD 
spectrum could be assigned to the π hydrogen bonded OH stretches between water molecule and 
the pyrrole ring of the indole, from KInW4_b and/or KInW4_c conformers. The KInW4_b 
conformer, with a three-coordinate extended hydrogen bonded water subunit, is predicted to be 
the most stable conformer at 300 K. However, the absence of spectral features lower than 3440 
cm
-1 
clearly indicates that KInW4_b conformer is not present in the cluster ion ensemble. In the 
experimental setup, neutral clusters were generated via supersonic expansion of water and indole 
mixture, using argon as carrier medium. Cations were then collisionally introduced allowing the 
cluster ion ensemble to evolve through evaporation and subsequent structural rearrangements. 
Therefore, one expects water-indole interactions to determine the neutral cluster configurations 
before the cations are introduced. One should note that the structural conformers (minima on the 
potential energy surface) were optimized at 0 K. However, from a dynamics perspective, initial 
structures (originating from the neutral water-indole complexes) with significant water-indole 
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interactions are the likely precursors, as the ion clusters stabilize by evaporative cooling, a 
process that would not favor the formation of KInW4_b.  
5.3.3 M+(Indole)(H2O)5,6 
As noted in Figure 5.2 and Figure 5.3, there are two major differences between the IRPD 
spectra of Na
+
(Indole)(H2O)5 and K
+
(Indole)(H2O)5, which we now compare side-by-side in 
Figure 5.10. An intense spectral feature at 3429 cm
-1
 in the K spectrum was observed, but no 
such intense feature was observed in the Na spectrum; intense spectral features at 3549 cm
-1 
were 
observed for Na, with similar but less prominent features for K. Based on the analyses of 
previous studies of cation-water complexes
41–43,45
 and the structural and energetic analyses given 
in earlier sections, the spectral features at ~3550 cm
-1
 should originate from structures with bent 
hydrogen bonded water subunits. The spectral features at 3429 cm
-1
, however, could originate 
from many possible configurations, such as water subunits with cyclical tetramer or pentamer 
configurations,
45
 extended hydrogen bonded configurations
61
 and/or configurations in which 
water directly interacts with NH group of the indole.
14
 Isotopic H/D analyses were applied in 
order to determine whether the spectral features at 3429 cm
-1
 come from hydrogen bonded OH 
stretches or hydrogen bonded NH stretches. Since OH and NH  stretching motions solely 
originate from H2O and indole molecules, respectively, by replacing H2O with D2O in the 
experiment, all OH stretching motions will be replaced by OD stretching motions, which shifts 
these spectral features to the OD stretching range (2350 cm
-1
 ~ 2850 cm
-1
). On the other hand, 
spectral features associated with NH stretching motions would remain in the NH stretching 
region (3300 cm
-1
 ~ 3650 cm
-1
). We have taken care to check that there is no isotopic exchange 
of the indole NH hydrogen, when D2O is used in the gas mixture. Therefore, the features 
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associated with OD stretching motions and NH stretching motions can be spectrally decoupled in 
the M
+
(Indole)(D2O)5,6 spectra.   
 
Figure 5.10. IRPD spectra of Na
+
/K
+
(Indole)(H2O)5 in the [H2O] dissociation channel.  
As is shown in Figure 5.11, four spectra were generated for the isotopic H/D analyses of 
the K
+
(Indole)(H2O)5 system. The first spectrum on top (a) is the IRPD spectrum in the [D2O] 
dissociation channel of K
+
(Indole)(D2O)5, in the OD stretching range. The (b) spectrum is the 
IRPD spectrum in the [D2O] dissociation channel of K
+
(Indole)(D2O)5, in the NH stretching 
range. One can readily observe that there is only one spectral feature at ~ 3500 cm
-1
 in this 
spectrum, indicating that only this spectral feature is associated with the NH stretching motion, 
which is assigned to the free NH stretch.
14 In order to directly compare OH stretching motions of 
K
+
(Indole)(H2O)5 with OD stretching motions of K
+
(Indole)(D2O)5, the (a) spectrum was 
rescaled (with a scaling factor of 1.358), denoted as (c). This scaling factor was determined by 
taking the average of the ratios of three resolved spectral features in the (d) spectrum, at 3429 
cm
-1
, 3562 cm
-1
  and 3712 cm
-1
, to their corresponding spectral features in the (a) spectrum at 
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2519 cm
-1
, 2614 cm
-1
 and 2747 cm
-1
. Therefore, by comparing (d) spectrum with the 
combination of (b) and (c) spectra, one can easily distinguish spectral features originated from 
OH stretching motions from the spectral feature associated with the NH stretch. For the 
K
+
(Indole)(H2O)5 system, the spectral feature at 3429 cm
-1
 in the (d) spectrum can be readily 
assigned to OH stretching motions. Similar isotopic H/D analyses were also applied to 
Na
+
(Indole)(H2O)5 and Na
+
(Indole)(H2O)6 (see supporting material), and indicated no additional 
spectral features associated with NH stretching motion, other than the free NH stretch at ~ 3500 
cm
-1
 were present. 
 
Figure 5.11. From top to bottom, (a) IRPD spectra of K
+
(Indole)(D2O)5 in the [D2O] dissociation channel and in the 
OD stretching range (2350 cm
-1
 ~ 2850 cm
-1
); (b) IRPD spectra of K
+
(Indole)(D2O)5 in the [D2O] dissociation 
channel and in the NH stretching range (3300 cm
-1
 ~ 3650 cm
-1
); (c) IRPD spectra of K
+
(Indole)(D2O)5 in the [D2O] 
dissociation channel and in the OD stretching range, rescaled to the OH stretching range using the scaling factor of 
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1.358; (d) IRPD spectra of K
+
(Indole)(H2O)5 in the [H2O] dissociation channel and in the OH stretching range (3300 
cm
-1
 ~ 3800 cm
-1
), reproduced from Miller et al.
14
 
 
Figure 5.12. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)5, together with theoretical 
structures, spectra and relative Gibbs free energies (kJ/mol) at 0 K and 300 K (in parenthesis). The dotted line 
indicates the position of the free NH stretch. 
As is illustrated in Figure 5.12 (For detailed geometry survey and Gibbs free energy 
analyses, please refer to the supporting material at the end of the chapter), the NaInW5_a 
conformer is the global minimum energy conformer at both 0 K and 300 K. The theoretical 
spectrum of NaInW5_a conformer agrees well with the IRPD spectrum, indicating that the 
NaInW5_a conformer is the major structural conformer in Na
+
(Indole)(H2O)5 cluster ensemble. 
The basic structure of the NaInW5_a conformer is very similar to the structure of the NaInW4_b 
conformer, described extensively in the previous section. In the NaInW5_a configuration, an 
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additional H2O interacts with two first shell H2O as proton acceptor, forming a bent hydrogen 
bonded water subunit, which give rise to the intense spectral features at 3549 cm
-1 
in the IRPD 
spectrum. In addition, the π hydrogen bonding interactions between water and the pyrrole ring 
give rise to the spectral feature at ~3472 cm
-1
 in the IRPD spectrum. The NaInW5_c conformer 
also has a basic structure similar with that of the NaInW4_b conformer, but with the additional 
water molecule interacting with only one first shell water molecule and forming a linear type 
hydrogen bonded water subunit. The weak spectral feature observed at 3413 cm
-1
 in the IRPD 
spectrum might possibly originate from an OH stretch associated with the linear type hydrogen 
bond of the NaInW5_c conformer.  
 
Figure 5.13. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)5, together with theoretical 
structures, spectra and relative Gibbs free energies (kJ/mol) at 0K and 300K (in parenthesis). The dotted line 
indicates the position of the free NH stretch. 
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As is demonstrated in the isotopic H/D analyses, the predominant spectral feature at 3429 
cm
-1
 in the IRPD spectrum of K
+
(Indole)(H2O)5 is associated with OH stretching motion. 
Therefore, structures that have a water with a σ hydrogen bond to the NH group, suggested by a 
previous study,
14
 were excluded. A number of possible structural conformers and corresponding 
theoretical spectra, as well as energies, are shown in Figure 5.13 (For detailed geometry survey 
and Gibbs free energy analyses, please refer to the supporting material at the end of the chapter). 
The KInW5_d and KInW5_e conformers are similar to the NaInW5_a and NaInW5_c 
conformers, respectively, which were identified as major structural conformers in the 
Na
+
(Indole)(H2O)5 system. Spectral assignments can be made following a similar structural 
analysis as used for Na
+
(Indole)(H2O)5. However, KInW5_d and KInW5_e conformers each 
have ~10 kJ/mol of relative Gibbs free energy, indicating that these conformers may not be 
present in significant amounts unless there exists significant conformational energy barriers on 
the electronic energy surface between these conformer and those of lower energy, such as 
KInW5_a, b, and c.
42,44
 The global minimum energy conformer for K
+
(Indole)(H2O)5 at 300 K is 
the KInW5_b conformer, which has an extended hydrogen bonded subunit including second and 
third shell water molecules and direct interactions between K
+
 and indole. This extended 
hydrogen bonded subunit was identified in Li
+
(H2O)4Ar,
44
 Li
+
(H2O)5Ar
46
 and Na
+
(H2O)5Ar
46
 
cluster ion spectra, as major contributors in the structural configurations. A similar extended 
hydrogen bonded subunit is also present in the NaInW5_b conformer, but spectral analysis of the 
Na
+
(Indole)(H2O)5 has clearly ruled out its presence in the cluster ion ensemble. The KInW5_a 
conformer, which has a hydrogen bonded water pentamer subunit, is the global minimum energy 
conformer at 0 K. This water pentamer configuration was previously identified in Cs
+
(H2O)5Ar 
cluster ion.
45
 Similar to the analysis of KInW4_b conformer in the previous section, the 
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KInW5_a conformer, without direct water-indole interaction, is believed not to be dynamically 
favored when prepared in our cluster ion source. For these larger clusters, it would appear that 
the initial solvation of the ion is done primarily by water. The cluster ion structures that include 
indole would most likely have the indole solvent-separated from the ion, as is the case in n=5 for 
KInW5_d, KInW5_e, NaInW5_a, and NaInW5_c. It is known that these higher energy 
conformers can be kinetically trapped, when the barriers to rearrangement are greater than the 
available internal energy, as shown for Li
+
(H2O)4Ar.
44–46,62,63
   
Due to the intrinsic complexity of the K
+
(Indole)(H2O)5 IRPD spectra, no definitive 
spectral assignment could be made. However, the spectral features between 3460 cm
-1
 and 3600 
cm
-1
 could very likely originate from  KInW5_d and KInW5_e conformers, based on the 
analyses of K
+
(Indole)(H2O)4 and Na
+
(Indole)(H2O)5 systems. The predominant spectral feature 
at 3429 cm
-1
, on the other hand, likely comes from the superposition of the low frequency OH 
stretching motions of KInW5_b, KInW5_c and KInW5_e conformers.  
At the hydration level of six (refer to Figure 5.2 and Figure 5.3), instead of individual 
spectral features, one observes broad spectral features ranging from 3300 cm
-1
 to 3600 cm
-1
, with 
a number of partially-resolved spectral features. Isotopic H/D analyses suggest that all spectral 
features other than the sharp feature at ~3500 cm
-1
 (free NH stretch) originate from hydrogen 
bonded OH stretching motions (see supporting material), indicating that there are no σ type NH 
hydrogen bonding interactions at the hydration level of six. However, due to the intrinsic 
complexity and overlapping nature of the spectral features from 3300 cm
-1
 to 3600 cm
-1
, and the 
lack of definitive structural insights of cation-water complexes at the hydration level of six, we 
are currently unable to definitively assign these spectral features to specific structural conformers.   
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5.4  Concluding Remarks 
The study of Na
+
/K
+
(Indole)(H2O)n cluster ion complexes clearly demonstrates that the 
interplay between non-covalent interactions determines the hydration structures of cation-indole-
water complexes. At lower hydration levels, n≤3, the first hydration shell around cation is not 
filled, giving rise to structural configurations with direct cation-indole π interactions. At the 
hydration level of four, the approximate H2O coordination number of both Na
+
 and K
+
, 
configurations with a filled first hydration shell, having tetrahedral configurations with cation-
water-indole bridging interactions (i.e. without direct cation-indole π interactions) start to play 
more important roles. At higher hydration levels, configurations with a filled first hydration shell 
around the cation become ubiquitous. Cation charge density also plays an important role in the 
interplay, as Na
+
, possessing a higher charge density, is more likely to interact directly with 
indole via π interactions than is K+, when hydration level is less than four. Dynamics may also 
play a role at higher hydration, due to initial solvation by water, filling the first hydration shell, 
with kinetic trapping of higher energy conformers. The barriers to rearrangement, involving the 
breaking of multiple hydrogen bonds to facilitate the approach of the ion to the indole, would 
appear to be insurmountable with the available internal energy in the cluster ion. As a result, 
configurations without direct water-indole interactions (KInW4_b and KInW5_a conformers), 
although predicted to be stable from static ab initio calculations, were not observed 
experimentally. Results also revealed that the relative stability (Gibbs free energy) of conformers 
varies significantly between 0 K and physiological temperatures (~ 300 K). Caution should be 
exercised when considering favored stable structural configurations at elevated temperatures. 
The σ type hydrogen bonding interactions, which are ubiquitous in neutral indole water 
complexes, were not observed with up to six water molecules in the ion-indole-water complexes, 
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indicating that electrostatic interactions (indole-cation interactions and cation-water interactions) 
are clearly favored over hydrogen bonding interactions between water and NH group of indole. 
However, π type hydrogen bonding interactions were widely observed at hydration levels from 
two to five (and likely for six as well, though we are unable to provide specific structures).  
The interplay between non-covalent interactions in cation-indole-water complexes varies 
dramatically at different hydration level. In biological media, with the cation and indole 
surrounded by liquid water, configurations with a filled first hydration shell are believed to be 
dominant for cation-indole-water complexes. Ions should be included in modeling hydration and 
other thermodynamic processes of biologically relevant molecules, considering the prevalence of 
Na
+
, K
+
 and other ions in intra- and extracellular fluid as well as the dependence of charge 
density on hydration structure of ion-biomolecule complexes. 
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5.6  Supporting Material 
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Figure 5.14. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)4, together with geometries, spectra 
and relative Gibbs free energies (kJ/mol) of all calculated theoretical structures at 0 K and 300 K (in parenthesis). 
The conformers denoted by bold and italic font (Na4_a, Na4_b and Na4_c) are shown in Figure 8 in the paper. 
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Figure 5.15. Relative Gibbs free energies of Na
+
(Indole)(H2O)4 structural conformers as function of temperature.  
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Figure 5.16. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)4, together with geometries, spectra 
and relative Gibbs free energies (kJ/mol) of all calculated theoretical structures at 0 K and 300 K (in parenthesis). 
The conformers denoted by bold and italic font (K4_a, K4_b, K4_c and K4_h) are shown in Figure 9 in the paper. 
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Figure 5.17. Relative Gibbs free energies of K
+
(Indole)(H2O)4 structural conformers as function of temperature.  
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Figure 5.18. IRPD spectra in the [H2O] dissociation channel of Na
+
(Indole)(H2O)5, together with geometries, spectra 
and relative Gibbs free energies (kJ/mol) of all calculated theoretical structures at 0 K and 300 K (in parenthesis). 
The conformers denoted by bold and italic font (Na5_a, Na5_b and Na5_f) are shown in Figure 12 in the paper. 
8  
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Figure 5.19. Relative Gibbs free energies of Na
+
(Indole)(H2O)5 structural conformers as function of temperature.  
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Figure 5.20. IRPD spectra in the [H2O] dissociation channel of K
+
(Indole)(H2O)5, together with geometries, spectra 
and relative Gibbs free energies (kJ/mol) of all calculated theoretical structures at 0 K and 300 K (in parenthesis). 
The conformers denoted by bold and italic font (K5_a, K5_b, K5_e, K5_g and K5_k) are shown in Figure 13 in the 
paper. 
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Figure 5.21. Relative Gibbs free energies of K
+
(Indole)(H2O)5 structural conformers as function of temperature.  
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Figure 5.22. From top to bottom, (a) IRPD spectra of Na
+
(Indole)(D2O)5 in the [D2O] dissociation channel and in the 
OD stretching range (2350 cm
-1
 ~ 2850 cm
-1
); (b) IRPD spectra of Na
+
(Indole)(D2O)5 in the [D2O] dissociation 
channel and in the NH stretching range (3300 cm
-1
 ~ 3650 cm
-1
); (c) IRPD spectra of Na
+
(Indole)(D2O)5 in the [D2O] 
dissociation channel and in the OD stretching range, rescaled to the OH stretching range using the scaling factor of 
1.358; (d) IRPD spectra of Na
+
(Indole)(H2O)5 in the [H2O] dissociation channel and in the OH stretching range 
(3300 cm
-1
 ~ 3800 cm
-1
). 
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Figure 5.23. From top to bottom, (a) IRPD spectra of K
+
(Indole)(D2O)6 in the [D2O] dissociation channel and in the 
OD stretching range (2350 cm
-1
 ~ 2850 cm
-1
); (b) IRPD spectra of K
+
(Indole)(D2O)6 in the [D2O] dissociation 
channel and in the NH stretching range (3300 cm
-1
 ~ 3650 cm
-1
); (c) IRPD spectra of K
+
(Indole)(D2O)6 in the [D2O] 
dissociation channel and in the OD stretching range, rescaled to the OH stretching range using the scaling factor of 
1.358; (d) IRPD spectra of K
+
(Indole)(H2O)6 in the [H2O] dissociation channel and in the OH stretching range (3300 
cm
-1
 ~ 3800 cm
-1
). 
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Chapter 6: Modeling Large Amplitude Intermolecular Motions of 
(H2O)-(NO2)
-
 dimer, using Density Functional Theory based ab initio 
Molecular Dynamics Simulations (DFT-MD) 
6.1  Introduction 
Hydrated ions are of fundamental interest, not only because ion-water complexes are 
ubiquitous throughout physiological, biochemical and environmental systems,  but because ion-
water interactions reveal rich insights of fundamental inter- and intramolecular interactions as 
well. Hydrated alkali metal cations,
1–8
 hydrated transitional metal cations,
9–11
 protonated water
12–
16
 and hydrated anions
17–23
 have been systematically and quantitatively studied in the past 
decades, both experimentally and theoretically. Results revealed remarkable insights on 
conformational dynamics,
7,24–26
 hydration structures
6,8
 and subtle intermolecular interactions 
between ions and water, and between water and water.  
Experimentally, “messenger” tagged InfraRed PhotoDissociation (IRPD) spectroscopy 
has been the principal probing method.
27
 Using rare-gases,
6,8,16,28,29
 and hydrogen molecules
16
 as 
messengers, the effective temperatures of the cluster ions of interest can be reduced substantially, 
giving well resolved infrared spectra. Isomer specific infrared spectroscopic techniques, such as 
IR-IR double resonance spectroscopy
30–32
 and UV-IR hole-burning spectroscopy
33–35
 have been 
further developed in the past decade. These techniques enable experimentalists to pin down 
vibrational spectral features to specific structural conformers, allowing theoreticians to use these 
data as bench marks in developing higher level theories and/or simulation methods.
31,32
   
Theoretically, static ab initio calculations are mostly widely used to help understanding 
the experimental results, due to their low computational cost, easy accessibility, and wide general 
acceptance.
36
 However, there are two major drawbacks of static ab initio quantum calculations: 
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the double harmonic approximation (harmonic electronic potential energy surface and harmonic 
dipole moment expression), and the determination of structure at global minimum, an inherent 0 
K temperature assumption.
36,37
 Therefore, anharmonic vibrational effects, such as vibrational 
coupling of different modes or perturbations due to strong intermolecular interactions,  cannot be 
well reproduced using traditional static ab initio calculations.
36,37
 Elaborate theoretical methods 
for treating anharmonicities have been developed by Gerber and co-workers, computing 
anharmonic vibrational spectra directly from ab initio surfaces (vibrational SCF, VSCF).
38–41
 
McCoy and co-workers used a reduced dimensional formalism to directly consider the highly 
anharmonic in- and out-of plane hydrogen bonded stretches.
37,42–44
 Bowman and collaborators 
developed the Vibrational Configuration Interaction (VCI) method which was applied to ionic H-
bonded systems.
45–48
   The computational demands for these methods, are somewhat large, and 
the deep technical knowledge, often required for proper implementation, can inhibit researchers, 
especially experimentalists, from modifying and using them as first principle calculations in 
parallel with their experiments.
36
 The explicit introduction of temperature and the related 
conformational dynamics for the vibrational signatures is not needed as long as the calculations 
are applied at low temperature, or when conformational barriers are reasonably high. However, 
this assumption is not valid when the experiments are conducted at temperatures that permit 
substantial thermal motion,
5,6,49–53
 or when the conformational barriers are low, as is the case 
with large amplitude intermolecular motions.
20,44,54
  
The study of anharmonic vibrational coupling has long been a challenge, especially for 
the coupling of fundamental O-H stretching modes with large amplitude intermolecular motions. 
Johnson et al. and Asmis et al., using isomer specific (IR-IR double resonance
31
 and IR-IR 
pump-probe
32
) double resonance IRPD spectroscopy and cryogenic ion-trap InfraRed Multiple 
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PhotonDissociation (IRMPD) techniques,
44
 respectively, have shown definitive evidence of 
vibrational mode coupling between O-H stretching modes and large amplitude intermolecular 
rocking motions in the water-nitrate,
44 
water-nitrite,
31,32
 and other symmetrical ion-water 
complexes.
20,21,54
 Theoretically, several groups have been trying to develop models and tools to 
reproduce anharmonic vibrational coupling, following different approaches. Nesbitt and co-
workers developed the “particle-on-a-sphere” (POS) model;55 McCoy and co-workers applied 
the large amplitude Diffusion Monte Carlo (DMC) method
56
 and internal coordinated 
optimization on a partially constrained geometry;
37
 Botschwina and co-workers  developed the 
Discrete Variable Representation (DVR) method;
57
 Jordan and co-workers introduced an 
adiabatic model
20,54
 and VCI calculations with cubic and/or quartic order coupling between the 
O-H stretch and water rocking degree of freedom.
44,58–60
 Most of these approaches involve 
introducing higher order terms on the potential energy surfaces, dipole moments
37
 and/or higher 
order coupling terms in the vibrational Hamiltonian.
20,43,44,44,58–60
  The calculations, however, are 
mostly carried out in the Gaussian (03 version or 09 version) suite of programs, which is a 
harmonic calculation tool by nature.  
Within the past few years, the collaborative efforts of the Gaigeot and Lisy groups have 
demonstrated that Density Functional Theory based ab initio Molecular Dynamics (DFT-MD) is 
a (and perhaps the) appropriate tool for the calculation of IR spectra of highly anharmonic 
systems, such as hydrated lithium cations,
25,26
 hydrated amides,
22
 and other hydrated ion-
biomolecules complexes
23,53
 in the gas phase at finite temperatures. The calculation of infrared 
spectra through MD relies on the time-dependent dipole correlation function recorded along the 
trajectories of atomic classical motion, therefore taking directly into account the vibrational 
anharmonicities in the computed infrared spectrum. This eliminates the constraints of the double 
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harmonic approximation, typical in Gaussian calculations.
36
 In this chapter, we will show that by 
applying the proper functional and appropriate basis set, MD simulations can reproduce 
anharmonic vibrational couplings in the water-nitrite complex system, first discovered in the 
experimental study by Johnson, Asmis and coworkers.
31,32,44
  
6.2  Technical Details 
The Density Functional Theory based molecular dynamics (DFT-MD) method and its 
application to gas phase anharmonic vibrational infrared spectroscopy have been described in 
detail in previous studies
22,23,25,26,49,50,53,61–63
 and a review article.
36
 We performed DFT-based 
Born-Oppenheimer Molecular Dynamics simulations (BOMD) with the CP2K package,
64
 where 
the nuclei are treated classically and the electrons quantum mechanically within the DFT 
formalism. The BLYP functional,
65,66
 including the Grimme D3 correction for dispersion,
67
 
combined with Goedecker-Teter-Hutter (GTH) pseudopotentials,
68,69
 is applied. Our previous 
investigations with the DFT-MD method using BLYP-D3 functional have shown that the band 
positions were in remarkably good agreement with experiments,
36
 even in situations where large 
vibrational anharmonicities were anticipated.
22,23
 Therefore, BLYP-D3 functional was chosen as 
the primary functional in this study. A hybrid Gaussian and plane wave representation of the 
electronic wavefunction was employed with the aug-QZV3P Gaussian basis set from the 
MOLOPT database and a plane-wave density cut-off of 340 Ry. A cubic cell with a side of 18 Å 
was chosen. Choices of the Gaussian basis set, the plane wave energy cut-off and size of the cell 
were carefully determined through convergence tests with respect to these parameters for water-
nitrite system. The detailed comparison of the functional and basis sets will be given in the 
Result and Discussion session.  
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The BOMD dynamics are first performed in the canonical NVT ensemble for the system 
to fully equilibrate (equilibration period), with initial atomic velocities assigned from a 
Boltzmann distribution centered at desired temperature, where the atomic velocities can be 
rescaled, for about 8 ps, a time that is sufficient for the system to have its internal energy 
stabilized. Then, the microcanonical NVE ensemble is applied (production period), allowing 
internal energy to propagate among all internal degrees of freedom. Both NVT ensemble and 
NVE ensemble simulations are applied with a time-step of 0.4 fs. Only the dynamics of the 
production period are used for analyses and calculations of IR spectra, which have averaged 
lengths of ~60 ps. The decoupling technique of Martyna and Tuckerman
70
 for eliminating the 
effect of the periodic images of the charge density is applied. The system temperature was 
chosen to match the experimental data from Johnson and co-workers.
31,32
 Detailed analyses of 
temperature effects will be presented in the Result and Discussion session.  
Dynamic IR spectra are calculated through the Fourier transform of the dipole-dipole 
correlation function, as is given is equation 6.1: 
𝐼(𝜔) =
2𝜋𝛽𝜔2
3𝑐𝑉
∫ 𝑑𝑡 < 𝑀(𝑡)𝑀(0) > exp⁡(𝑖𝜔𝑡)
∞
−∞
                                    (6.1) 
where 𝛽 = 1/kT, c is the speed of light in vacuum, and V is the volume. The angular brackets 
indicate a statistical average of the correlation of the dipole moment M of the absorbing cluster. 
No harmonic approximations are made, either on the potential energy surface or for the dipole 
moment, contrary to static harmonic vibrational calculations.
36
 Assignments of the active IR 
bands in terms of atomic displacements and intermolecular interactions can be easily achieved 
through a standard Fourier transform of the autocorrelation function of selected dynamic 
parameters, given by equation 6.2: 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦(𝜔) = ∑ ∫ 𝑑𝑡 < 𝑛𝑗(𝑡)𝑛𝑗(0) > exp⁡(𝑖𝜔𝑡)
∞
−∞𝑗=1,𝑁
                            (6.2) 
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where n stands for the specific dynamic parameters of interest and j runs over all atoms of the 
system.  
The experimental spectra of the water nitrite system are from the argon-tagged IR-IR 
double resonance vibrational predissociation experiments performed by Johnson and co-workers, 
with their apparatus and method described in an earlier experimental article.
31
  
6.3  Results and Discussion 
6.3.1 Initial Geometry Optimization 
Static Gaussian calculations were applied to provide optimized initial geometries for the 
molecular dynamic simulations. Johnson and co-workers reported two stable minima, single H-
bond conformer and double H-bond conformer, using the Gaussian computational package at the 
B3LYP/aug-cc-pVDZ level.
31
 For our study, static calculations using the BLYP-D3 functional 
with the aug-cc-PVQZ basis set were conducted, to locate any additional minima, with the 
results being summarized in Figure 6.1. The result shows that the completely symmetric 
conformation (Front side (a) in Figure 6.1) is only a transition state. In the optimized geometry, 
one of the water O-H groups is closer to the nitrite oxygen than the other O-H group (Front side 
(b) in Figure 6.1). The energy difference between front side (a) and front side (b) geometries is 
only 0.2 kJ/mol, which has the temperature equivalent of 24 K. This small energy difference 
between the two front side geometries from static calculations suggests that structural 
transformations between the two stable front side (b) conformations through the front side (a) 
transition state geometry could readily occur; a more elaborate analysis will be given in the 
Molecular Dynamics section.  
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Figure 6.1. Optimized geometries of the water-nitrite complex. Front side conformers are given on the left. The front 
side (a) transition state geometry is completely symmetric. The front side (b) conformer (which is one of two 
minima) is not symmetric, with the distance of one of the intermolecular O…H distance shorter than the other. The 
back side conformer is given on the right. 
6.3.2 Functional and Basis Set Comparison 
The first step in our Molecular Dynamics analysis was to test and find the best 
combination of functional and basis sets. Five combinations were chosen, and are indicated in 
Figure 6.2. The MD spectra of the front side conformer (using front side (b) conformation as 
starting geometry) of water nitrite complex are compared with the isomer-specific IR-IR double 
resonance spectrum of the front side conformer of water nitrite complex from Johnson and co-
workers.
31
 All simulations were performed at 25 K. For the chosen combinations, the BLYP-D3 
functional with aug-QZV3P-GTH basis set was found to give the best agreement with the 
experimental data. Therefore, all of the following simulations and analyses are carried out with 
the BLYP-D3/aug-QZV3P-GTH combination.  
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Figure 6.2. Comparison of the experimental data (ion dip spectrum of front side conformer from Johnson et al.
31
) 
with MD calculations using different basis sets and functionals, for the front side conformer. All simulations are at 
25 K and of ~60 ps in duration. Dotted lines denote the positions of the spectral features in the experimental data.  
6.3.3 Temperature Effect 
As is shown in Figure 6.3, MD simulations for water nitrite system were performed at 
four different temperatures (15 K, 25 K, 50 K and 100 K) for comparison with the experimental 
spectrum. The MD simulated spectra match remarkably well with the experimental data, with 
consistent reproduction of both major spectra features (within 30 cm
-1
) and finer spectral 
progressions (although the intensities are not identical, the locations of these features are very 
much comparable). The spectra at 100 K indicates that this temperature is clearly too high, as 
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spectral features between 3200 cm
-1
 and 3600 cm
-1
 are too broad and no specific progressions 
could be identified. On the other hand, 15 K is clearly too low, as no clear spectral features could 
be identified between the two major features at 3273 cm
-1
 and 3583 cm
-1
, where spectral 
progressions were expected. The MD spectra at 25 K and 50 K agree much better with the 
experimental data, with the MD spectra at 50 K a better match with experimental data between 
3150 cm
-1
 and 3300 cm
-1
, while the MD spectra at 25 K more clearly reproduce the spectral 
progressions between 3300 cm
-1
 and 3600 cm
-1
. As the identification of vibrational couplings 
(progressions) is the major goal of this study, 25 K was chosen as the primary temperature to be 
analyzed. It was noted that the spectral feature at 2972 cm
-1
 in the experimental spectra, which is 
due to the hydrogen-bonded OH stretch of the backside conformer (see Fig. 6.1)  is much 
broader compared to the other spectral features, which was not clearly explained in the 
experimental article.
31
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Figure 6.3. Comparison of the experimental spectrum (predissociation spectrum from Johnson et al.
31
) and combined 
simulation spectra for front- and back side conformers, at different temperatures. The durations of the simulations 
are ~60 ps. The frequencies of the major spectral features are denoted on the plot. Dash lines denote spectral features 
that originate from the back side conformer and dotted lines denote spectral features that originated from the front 
side conformer.  
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6.3.4  Motion Specific Spectral Analyses 
The conformer specific spectra from the MD simulations are given in Figure 6.4. Only 
the spectral features denoted by the blue arrows in the combined spectra (green traces) come 
from the back side conformer. All other spectral features, the progressive features between 3100 
cm
-1
 and 3600 cm
-1
 in particular, originate from the front side conformer, which is somewhat 
different from the qualitative spectral assignment made by Johnson and coworkers.
31
 The 
decoupling of the two conformations indicates that all progressive spectral features observed in 
the experimental spectra are due to mode coupling and/or other anharmonic intermolecular 
interactions associated with the front side conformer. Therefore, from this point on, further 
spectral and structural analyses are focused on the front side conformer.   
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Figure 6.4. Conformer specific MD simulated spectra at temperatures of 15 K, 25 K, 50 K and 100 K. The red traces 
are the MD spectra of the front side conformer; the blue traces are the MD spectra of the back side conformer; the 
pink offset traces are magnified MD spectra of the back side conformer by factors of 15 (15 K), 10 (25 K and 50 K) 
and 5 (100 K); the green traces are combined front side and back side spectra; the orange offset traces are magnified 
MD spectra of combined front side and back side spectra by factors of 15 (15 K), 10 (25 K and 50 K) and 5 (100 K) 
The blue arrows in the combined spectra (green and orange traces) denote spectral features that originate from back 
side conformer. 
In order to better understand the intermolecular interactions and dynamics, we monitored 
the time evolution of the distances of intermolecular O-H pairs, using the MD trajectory of 25 K 
as an example, as is illustrated in Figure 6.6. There are two kinds of distinct patterns on the 
trajectory. One pattern is denoted as large amplitude symmetric rocking motion (refer to the 
trajectories denoted by blue arrows on Figure 6.6), where the cluster changes between the 
equivalent a and b geometries rapidly through the symmetric transition state geometry (refer to 
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Figure 6.5). The other pattern is denoted as asymmetric rocking motion as is denoted by red 
arrows on Figure 6.6, where the cluster complex stays in either a or b geometry (refer to Figure 
6.5) for a relatively longer time.  
 
Figure 6.5. Dynamic conformations of the water-nitrite complex. Dashed lines depict intermolecular hydrogen 
bonding interactions. 
Averaged IR spectra for three portions of large amplitude symmetric rocking motion and 
four portions of asymmetric rocking motion (as denoted on Figure 6.6) are shown as the blue and 
red traces, respectively, in the 25 K section in Figure 6.7. Similar analyses of the MD simulations 
at 15 K and 50 K are presented in Figure 6.7 (analogous to 25 K case) as well. These motion 
specific spectral analyses clearly illustrated that the asymmetric rocking motions contribute 
mainly to the intense spectral features at ~3280 cm
-1
 and at ~3580 cm
-1
 in the IR spectra of the 
whole trajectories (~60 ps), while the progressive features originated mainly, if not solely, from 
the large amplitude symmetric rocking motions.  
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Figure 6.6. Time evolution of the intermolecular O-H distances of the frontside conformer of the water-nitrite 
complex of the 25 K MD simulations. The red trace corresponds to the intermolecular O-H bond on top, as is shown 
in Figure 4, as the "a" geometry, while the blue trace corresponds to the intermolecular O-H bond at the bottom, the 
"b" geometry in Figure 4. The portions of the trajectory that are used to generate motion specific IR spectra are 
denoted by asterisks (red asterisks for asymmetric rocking motions and blue asterisks for large amplitude symmetric 
rocking motions). 
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Figure 6.7. Motion specific MD IR spectra of the frontside conformer of the water-nitrite complex, at 15 K, 25 K 
and 50 K. Red traces are the IR spectra originating from portions of the asymmetric rocking motion (averaged over 
the four trajectory periods). Blue traces are the IR spectra originating from portions of large amplitude symmetric 
rocking motions (averaged over the three trajectory periods). Green traces are the IR spectra of the whole trajectory 
(~60 ps).  
As is illustrated in Figure 6.7, the simulated spectra of asymmetric rocking motion of 
front side conformer are simpler, and this gives us the opportunity to pin down the exact 
stretching modes that contribute to the spectral features in the MD simulation. In order to do this, 
we apply the standard Fourier transform of the autocorrelation function procedure to the bond 
lengths of two intramolecular OH bonds in the H2O molecule, on the asymmetric portion of the 
trajectory. This will provide the frequencies of the OH stretches, but not the intensities, as the 
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latter are only available from the dipole-dipole correlation function.  Using the geometry in 
Figure 6.8 as reference, the red traces in Figure 6.8 originate from the “OH 1”, which forms the 
hydrogen bond; the blue traces in Figure 6.8 originate from the "OH 2" bond at the bottom, 
which acts more like a “free” OH stretch. The frequencies corresponding to the two OH 
intramolecular vibrations, on the portion of the asymmetric motion of the trajectory using the 25 
K case as an example, are given as the upper section in Figure 6.8. The two frequencies that are 
obtained are as one would expect, the lower frequency OH stretch is associated with the stronger 
intermolecular hydrogen bonding interaction. A similar procedure was also applied to the portion 
of the symmetric motion of the trajectory with the rapid interchange of the hydrogen bond 
distances of the two intermolecular OH pairs. As is shown in the bottom section on Figure 6.8, 
although there is a slight variation in some of the frequencies, the locations of the peaks in red 
trace (OH 1) and blue trace (OH 2) are nearly identical, indicating that the motions of these two 
OH bonds are almost identical in the symmetric motion, as would be expected. 
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Figure 6.8. Fourier Transformed frequencies from the autocorrelation function of intramolecular OH distances of the 
portion of the asymmetric and symmetric motion on the MD trajectory (25 K case). Red traces originate from the O-
H on top and blue traces from O-H at the bottom. For the trajectories selected for the asymmetric portion, the 
hydrogen atom on top is closer to the proton accepting oxygen atom on the NO2, as is depicted in the figure.   
6.3.5 Rocking Motion and Potential  
The Fortran code for motional autocorrelation was modified to extract the rocking angle 
(refer to Figure 6.9, defined as the angle θ between the vectors bisecting the H−O−H angle of the 
water molecule and the O−N−O angle of the nitrite ion54), for analysis using the full dynamic 
trajectory from the 25 K simulation. The free energy curve can be generated using equation 6.3, 
𝐺(θ) = −𝑘𝐵𝑇𝑙𝑛(𝑃(θ))                                                      (6.3) 
where 𝑃(θ) is the probability of occurrence of the rocking angle θ in the course of the dynamics. 
As is illustrated in Figure 6.9, the potential energy curve has two minimum, one with a rocking 
angle of ~ -12 degrees, and the other, ~ 14 degrees. We assume that the slight differences are due 
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to the limited duration of the dynamic trajectory and reflect incomplete statistical sampling, as 
we believe this rocking motion to be symmetric with respect to angle. The rocking angles 
associated with these two minimum extremely close to value from the optimized static geometry 
at BLYP-D3 level of theory (front side (b) conformation in Figure 6.1) of θ ≈ 13 degrees. The 
potential energy curve from MD simulations is comparable with the potential energy surface 
reported by Johnson and co-workers,
54
 determined from a partially constrained geometry 
optimization. The energy barrier at current level of theory between the two minimum is ~ 0.7 
kJ/mol (close to the ~ 0.4 kJ/mol from Johnson and co-workers
54
).  
 
Figure 6.9. Definition of rocking angle, θ, as is defined in the report of Johnson and co-workers,54and the free energy 
surface of the rocking angle over the dynamic trajectory of the front side conformer from the simulation at 25 K.  
The Fourier transform of the autocorrelation function of the rocking angle θ was applied 
to both of the asymmetric and symmetric portion of the dynamics trajectory, with the results 
summarized in Figure 6.10 (trace (d1) and (d2)). The low frequency features of the Fourier 
transform of the autocorrelation function of the intramolecular O-H distances, as described in 
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section 6.3.4 and Figure 6.8, together with the MD simulated IR spectra in the low frequency 
region of the front side conformer are also summarized in Figure 6.10. There are three major 
spectral features in the MD simulated IR spectra (trace (a) in Figure 6.10), at ~ 55 cm
-1
, 205 cm
-1
 
and 330 cm
-1
, respectively. The spectral feature at ~ 55 cm
-1
 is also present in the frequencies 
resulting from the Fourier transform of the autocorrelation function of the intramolecular 
distances OH 1 and OH 2 ((b2) and (c2) trace in Figure 10), and the rocking angle θ ((d2) trace) 
in the symmetric portion of the dynamic trajectory. No substantial spectral feature is identified at 
the same frequency in the corresponding Fourier transform of the asymmetric portion of the 
trajectories ((b1) for OH, (c1) for OH 2 and (d1) for rocking angle in Figure 6.10). This clearly 
indicates that the feature at ~ 55 cm
-1 
in the IR spectrum (trace (a)) originates from the 
interactions between the large amplitude rocking motion and the OH stretching motions, but only 
in the symmetric portions of the trajectory.  
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Figure 6.10. Summary of vibrational frequencies from the front side conformer in the low frequency region at 25 K. 
(a) Molecular Dynamics IR spectra; (b1) Fourier transform of the autocorrelation function of the intramolecular 
distance of the OH 1 (refer to Figure 7) in the asymmetric portion of the dynamic trajectory; (b2) Fourier transform 
of the autocorrelation function of intramolecular distance of the OH 1 (refer to Figure 7) in the symmetric portion of 
the dynamic trajectory; (c1) Fourier transform of the autocorrelation function of the intramolecular distance of the 
OH 2 (refer to Figure 7) in the asymmetric portion of the dynamic trajectory; (c2) Fourier transform of the 
autocorrelation function of the intramolecular distance of the OH 2 (refer to Figure 7) in the symmetric portion of 
the dynamic trajectory; (d1) Fourier transform of the autocorrelation function of the rocking angle θ in the 
asymmetric portion of the dynamic trajectory; (d2) Fourier transform of the autocorrelation function of the rocking 
angle θ in the symmetric portion of the dynamic trajectory. 
Following similar analyses, the spectral features at ~ 90 cm
-1
 and ~ 330 cm
-1
 likely 
originate from the interaction between the OH stretching motions with the rocking motions in the 
asymmetric portions of the trajectory. The spectral feature at ~ 205 cm
-1
 originates solely from 
the interaction of the OH stretching motion of OH 1 from the asymmetric rocking motion portion 
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of the trajectory. However, it is noted that the feature at ~ 90 cm
-1
 is not observed in the IR 
spectra (trace (a) of Figure 6.10), indicating that this motion by itself is likely not IR active.  
As the predominant spectral progression and features in the experimental spectrum 
(Figure 6.3) have spacing of less than 100 cm
-1
, it is believed that only the rocking motions with 
frequencies of ~ 55 cm
-1 
and ~ 90 cm
-1
 are coupled to the fundamental OH stretching motion. 
The zero point energy (ZPE) corresponding to these two motions are 0.33 kJ/mol and 0.54 
kJ/mol, respectively, which is close to the energy barrier of the rocking potential (~ 0.7 kJ/mol, 
refer to Figure 6.9). Classically, just a small amount of thermal energy is required for the cluster 
complex to overcome the potential energy barrier and “rock” between the two potential energy 
minimum. As is verified in the MD simulations, larger portion of the “rocking” pattern was 
identified in the dynamic trajectories for temperatures at or above 25 K.  
Note that in a quantum mechanical system with zero-point vibrational energy of 0.33 
kJ/mol (~30 cm
-1
) and a low barrier of 0.7 kJ/mol (~60 cm
-1
), the lowest vibrational level will be 
split due to tunneling through the barrier, as in the ground bending state of ammonia
71
 (with a 
zero point vibrational energy of 950 cm
-1
, a barrier of 2100 cm
-1
 and inversion splitting of 0.8 
cm
-1
), as is illustrated in Figure 6.11. Let the wave function corresponding to the lowest state of 
simple harmonic oscillation with the water nitrite on a and b geometry (refer to Figure 6.5) be ua 
and ub. The true molecular wave functions must be either symmetric or antisymmetric with 
respect to the inversion, so the wave functions for the two inversion levels of the lowest 
vibrational state must be the combinations of ua and ub, i.e. 
𝜓0 = (1 √2⁄ ) (𝑢𝑎 + 𝑢𝑏); ⁡𝜓1 = (1 √2⁄ ) (𝑢𝑎 − 𝑢𝑏) 
as is shown in Figure 6.11. If the barrier is infinitely high, the system could in principle be 
isolated on one side of the barrier or the other and the energy of the two lowest states should be 
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the same. If the barrier is infinite, the value of both wavefunctions 𝜓0 and 𝜓1 would be zero at θ 
= 0, i.e. the probability for the system to be found at θ = 0 is zero, which means the system 
cannot overcome the barrier and rearrange into the other geometry. If the barrier is finite, both 
wavefunctions will have substantial probability density in the region around θ = 0 due to 
quantum tunneling, with 𝜓0⁡(θ⁡ = 0) finite, although 𝜓1⁡(θ⁡ = 0) = 0⁡by symmetry.  Accurate 
estimates of the energy levels of rocking motions of water nitrite system are needed for 
quantitative analyses of the rocking vibrational transitions and definitive spectal assignment.    
 
 
Figure 6.11. Behavior of a vibration with introduction of a potential barrier. Reproduced from Townes and 
Schawlow.
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The antisymmetric vibrational features (at ~3280 cm
-1
 and ~3580 cm
-1
) from the classical 
MD analysis are not reflected in the quantum mechanical experimental spectra, as zero point 
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vibrational energy places the vibrational levels sufficiently high on the PES so that the 
vibrational wavefunction will not be restricted to one side of the potential barrier at θ = 0.  
Tentative spectral assignments of the experimental spectra can be made at this point, 
following the established analyses. As is demonstrated in Figure 6.12, spectral features between 
3100 cm
-1
 and 3650 cm
-1
 (the features that originate from front side conformer) can be assigned 
to two series. “a” series are the major spectral features that are clearly resolved in the 
experimental spectrum and were assigned by Johnson and co-workers as the rocking 
progression.
32
 “b” series are the minor spectral features that were not assigned by Johnson and 
co-workers.
31,32
 Based on the analyses made up to this point, we can confidently assign both “a” 
and “b” series of spectral features to the coupling between large amplitude symmetric rocking 
motions and fundamental OH stretching motions. The two spectral features that are denoted by 
red asterisks (at ~ 3280 cm
-1
 and ~ 3580 cm
-1
) in the MD spectra in Figure 6.12 are the major 
artifacts that originate from the classical asymmetric vibration motions that will not be present in 
the quantum mechanical experimental spectrum and should be excluded from the spectral 
assignment. One notes that the asymmetric vibrational feature at ~ 3580 cm
-1 
overlaps with the 
symmetric vibrational feature at the same frequency, as is illustrated in Figure 6.7 and Figure 6.8. 
Therefore, the contribution to band a4 from the symmetric vibrational motion should not be 
excluded.  
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Figure 6.12. The black trace is the experimental spectrum and the blue trace is the MD spectrum of the water nitrite 
complex (both front side and back side conformers) at 25 K. Spectral features with “a” notations above the spectra 
are the major spectral features that are assigned to the coupled bands of symmetric rocking motions and OH 
fundamental stretching motions of the front side conformer, same as the assignment made by Johnson and co-
workers;
32
 spectral features with “b” notations are also assigned to the coupled bands of symmetric rocking motions 
and OH fundamental stretching motions of the front side conformer in this work, by were not assigned by Johnson 
and co-workers.
31,32
 The red asterisk marks in the MD spectrum denote spectral features that correspond to 
asymmetric rocking motions observed in the classical MD simulations, which should not be present (for band a4, it 
should be much less intense) in the quantum mechanical experimental spectrum.   
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With a1 being assigned as the fundamental OH stretching band, from V0R0 state (ground 
OH vibrational state with zero quanta of rocking) to V1R0 state (first OH vibrational state with 
zero quanta of rocking), band a2 through a4 can be assigned as the coupled bands from V0R0 
state to V1R1, V1R2, and V1R3, respectively. Band a5, which was observed in the experimental 
spectrum and assigned to rocking motion,
31,32
 is not observed in our simulation. In addition to the 
obvious “a” series spectral progression, if taking feature b1 as the band head, b1, b2, b3 and b4 
forms another clear progression, with spacing of ~ 100 cm
-1 
experimentally and slightly larger in 
our simulation. This progression could possibly be the coupled progression that correspond to 
V0R1 → V1R0 , V0R1 → V1R1, V0R1 → V1R2 and V0R1 → V1R3 “hot band” transitions (all 
initiate from the ground OH vibrational state with one quanta of rocking), respectively. The 
spectral assignment of the remaining weaker features, however, is less obvious to make.  
6.4  Concluding Remarks 
We have demonstrated the Molecular Dynamics simulation approach to study the 
intermolecular interactions in the water nitrite system. At BLYP-D3 level of theory with aug-
QZV3P-GTH basis set, we were able to reproduce, to a remarkable extent, the fine spectral 
features resolved experimentally in earlier studies, at reasonable computational cost. Elaborate 
analyses on the dynamic trajectories enabled us to identify distinct patterns of intermolecular 
rocking motions. Standard Fourier transform of the autocorrelation function of chosen intra- and 
intermolecular parameters enabled us to assign IR spectral features to specific motions within the 
complex that corresponded to classical motion on the potential energy surface. The coupling of 
fundamental OH stretches with intermolecular rocking motions were successfully identified, 
corresponding to rocking motions associated with both symmetric and asymmetric portions of 
the classical dynamics trajectory. The potential energy curve of the rocking motion was derived, 
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which is in good agreement with earlier studies. The comparison between experimental spectra 
and Molecular Dynamics simulation spectra of the classical symmetric rocking motion were 
qualitatively consistent and provided a solid spectral assignment of the spectral features observed 
experimentally. This supports the use of DFT-MD simulations as a powerful alternative tool for 
studying systems with large amplitude motion.  
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Chapter 7: Conclusions 
This thesis has presented a detailed description of the role that competing and 
cooperating noncovalent interactions play in determining the three-dimensional structures of 
hydrated ion-biomolecule complexes. The cluster ions were characterized using mass selective 
infrared photodissociation spectroscopy, in the O-H, O-D and N-H stretching region, as these 
stretching modes are sensitive to their immediate environment. The spectral shifts of these 
stretching modes in the IRPD spectra provided insights of the interplay between different 
noncovalent interactions. Parallel static ab initio calculations using Gaussian 09 package were 
systematically applied to facilitate the cluster ion geometry mapping, as well as providing 
harmonic theoretical spectra for spectral assignment of IRPD spectra.  
The structures and thermodynamics of hydrated cations complexes were first examined. 
Multiple Channel InfraRed PhotoDissociation (MC-IRPD) spectroscopy in [Ar] and [Ar+H2O] 
dissociation channels were applied to argon tagged hydrated alkali metal cations, M
+
(H2O)nAr 
(M = Li, Na, K, Rb and Cs; n = 3-5). An elaborate thermodynamic model was developed to 
quantitatively estimate the energetics of dissociation process and high energy conformations. 
Results revealed remarkable insights about the interplay between water-water hydrogen bonding 
interactions and ion-water electrostatic interactions. Hydration structures of cations not only 
depend on the charge density of the monovalent cation, but depend on the level of hydration as 
well. Smaller cations (Li
+
 and Na
+
) clearly prefer to form structural conformations with extended 
hydrogen bonded water subunits, while larger cations (Rb
+
 and Cs
+
) prefer to form structural 
conformations with cyclic hydrogen bonded water subunits. K
+
, with remarkably simple 
structural preference, appears to be a transition cation between these two classes of cations. 
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Energetic study of these systems enabled us to systematically extract the binding energy of water. 
The water binding energies from this study agree remarkably well with earlier benchmark studies. 
Hydrated cation-indole complexes were examined, following the establishment of 
hydrated cations. As the existing interplays of noncovalent interactions are more complicated 
with the additional indole molecule, the characterizations of hydration structures, as well as the 
thermodynamics were much more challenging. Isotopic H/D specific IRPD spectroscopy in the 
[H2O] dissociation channel were systematically applied to M
+
(Indole)(H2O)n systems (M = Na 
and K; n=3-6), in order to decouple overlapping N-H and O-H stretching features. Ab initio 
calculations together with Gibbs free energy calculations were applied simultaneously to 
examine the conformations at an effective temperature of ~300 K (close to the physiological 
temperature). The σ type hydrogen bonding interactions, which are ubiquitous in neutral indole 
water complexes, were not observed with up to six water molecules in the ion-indole-water 
complexes, indicating that electrostatic interactions (indole-cation interactions and cation-water 
interactions) are clearly favored over hydrogen bonding interactions between water and NH 
group of indole. However, π type hydrogen bonding interactions were widely observed at 
hydration levels from two to five. Results clearly indicate that ions should be included in 
modeling hydration and other thermodynamic processes of biologically relevant molecules, 
considering the prevalence of Na
+
, K
+
 and other ions in intra- and extracellular fluid as well as 
the dependence of charge density on hydration structure of ion-biomolecule complexes. Also, 
caution should be exercised when considering favored stable structural configurations at elevated 
temperatures.  
Using water nitrite system as an example, we have demonstrated the approach of using 
Density Functional Theory based Molecular Dynamic (DFT-MD) simulations to study the 
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anharmonic coupling of fundamental OH stretching motions and intermolecular rocking motions. 
MD simulations at BLYP-D3 level of theory with aug-QZV3P-GTH basis set were able to 
reproduce, to a remarkable extent, the fine spectral features (progressions) resolved 
experimentally in earlier studies, at reasonable computational costs. Thorough analyses of 
dynamic trajectories revealed two distinct dynamic patterns, symmetric rocking motion and 
asymmetric rocking motion, which yield complete different spectral features. Standard Fourier 
transform of the autocorrelation function of chosen intra- and intermolecular parameters enabled 
us to assign IR spectral features to specific motions of the cluster ion. The coupling of 
fundamental OH stretches with intermolecular rocking motions were successfully identified, 
corresponding to rocking motions associated with both symmetric and asymmetric portions of 
the dynamic trajectories. The potential energy curve of rocking motion was derived, which is in 
good agreement with earlier studies. The comparison between experimental spectra and 
Molecular Dynamics spectra provided a more convincing spectral assignment of the spectral 
features observed experimentally. DFT-MD simulation has been proven to be a promising and 
powerful alternative tool to study gas phase systems with anharmonic couplings, considering its 
reasonable computational cost, easy accessibility and sufficient accuracy. 
The next phase of studying gas phase cluster ions is to develop schemes and techniques 
to integrate non-covalent interactions, structural conformations, thermodynamics and molecular 
dynamics into one single model, in which anharmonicities are also fully taken into account. 
Experimentally, double resonance spectroscopy techniques add in another dimension. Conformer 
specific spectra can be obtained with little complication from other coexisting conformations. 
The cryogenically-cooled ion trap is proved to be a powerful tool to control the temperature of 
the cluster ions being analyzed, which enables researchers to characterize many chemical and 
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physical properties of cluster ions as function of temperature. Electrospray Ionization (ESI) 
sources can be applied to study the hydration mechanism of large biologically relevant molecules, 
which would have proven difficult using traditional ionization methods. Theoretically, DFT-MD 
simulations with Fourier transform of autocorrelation function of chosen intra- and 
intermolecular parameters provide rich fundamental insights into the structure and dynamics of 
gas phase cluster ions. Freedom from the double harmonic approximations and the relatively 
easy accessibility of DFT-MD allow researchers, especially experimentalists, to generate high 
quality theoretical spectra and assign spectral features to specific intra- and/or intermolecular 
motions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
